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Abstract Dictyota menstrualis (Hoyt) Schnetter, Horning &
Weber-Peukert (Dictyotales, Phacophyceae) was studied for
the production of oil-based bioproducts and co-products.
Experiments were performed to evaluate the effect of carbon
dioxide (CO,) concentration, under nitrogen (NO3 ) limiting
and saturation conditions, on growth rate (GR), photosynthe-
sis, as well as nitrate reductase (NR), carbonic anhydrase
(CA), and Rubisco activities. In addition, the biochemical
composition of D. menstrualis under these conditions was
estimated. GR, protein content, and N content in D.
menstrualis were higher in treatments containing NOj3 , irre-
spective of CO, addition. However, when CO, was added to
medium saturated with NO3 ", values of maximum photosyn-
thesis, Rubisco, and NR activity, as well as total soluble car-
bohydrates and lipids, were increased. CA activity did not
vary under the different treatments. The fatty acid profile of
D. menstrualis was characterized by a high content of poly-
unsaturated fatty acids, especially the omega-3 fatty acids,
making it a possible candidate for nutraceutical use. In addi-
tion, this species presented high GR, photosynthetic rate, and
fatty acid content, highlighting its economic importance and
the possibility of different biotechnological applications.
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Introduction

Based on their involvement in carbon and nitrogen assimila-
tion, as well as O, production, marine benthic algae are im-
portant photosynthetic organisms in coastal and estuarine eco-
systems, playing a significant role in energy transformation
and nutrient recycling from their environments (Hanisak
1983). In addition, they provide food and shelter for many
species of marine animals.

This group of organisms exhibits morphological differ-
ences and high diversity in relation to pigment content, storage
products, and components of the cell wall, among others (van
den Hoek et al. 1995). Several algal metabolites have been
extensively used in the food and beverage, biotechnology,
agriculture, medical, cosmetic, bioenergy, and pharmaceutical
industries (Cardozo et al. 2006; Gressler et al. 2009, 2011a, b;
Martins et al. 2011, 2012; Simas-Rodrigues et al. 2015).

Seaweeds with high content of fatty acids, in particular w-3
and w-6, can be used as nutraceuticals (Gressler et al. 2011a;
Moraes and Colla 2006). After oil extraction, the remaining
seaweed biomass, which is rich in protein, pigments, and car-
bohydrates, can be used as food, feed, fertilizer, and pigments,
adding economic value to the species (van lersel and
Flammini 2010).

Linoleic (w-6) and linolenic (w-3) acids are essential nu-
trients not synthesized by mammals (Patarra 2008). These
fatty acids are precursors of arachidonic acid (AA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA), important for maintaining the integrity and fluidity
of membranes, as well as the synthesis of eicosanoids
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(Moreira et al. 2002), which have an important function in the
regulation of inflammation (Wall et al. 2010). Since eicosa-
noids derived from AA promote a proinflammatory physio-
logical condition, while those derived from EPA have anti-
inflammatory properties, due to their capacity to inhibit the
formation of eicosanoids derived from w-6 polyunsaturated
fatty acids (Wall et al. 2010), human food should contain a w-
6:w-3 ratio of around 5:1. Despite this, the ratio of w-6:w-3
from the ingestion of fatty acids by the population of several
countries ranges from 10:1 to 20:1 (Patarra 2008). This is
because the w-6 is present in vegetable oils, milk, eggs, and
meat, while algae and fish are the main sources of w-3. In
addition, the w-3 fatty acids also act in the prevention
and modulation of coronary heart diseases, inflammatory
diseases, and hypertension, among others (Patarra 2008).
Thus, the increase of w-3 consumption in the human
diet and the search for organisms that produce high
amounts of this compound are very important.

The quantity and quality of fatty acids vary among different
groups and species of seaweeds (Gosch et al. 2012). This
diversity provides an opportunity to identify new species with
high oil content and with a profile suitable for use as
nutraceuticals. Moreover, if a given species shows a poor pro-
file for nutraceuticals, it can be utilized for other purposes,
such as biodiesel production.

Light, temperature, salinity, nutrient, and CO, availability
in seawater have effects on photosynthesis and on other met-
abolic pathways, directly influencing the biosynthesis of algal
metabolites. Photosynthesis corresponds to the first stage of
converting light to chemical energy. NADPH and ATP, syn-
thesized in the photochemical phase of photosynthesis, are
used in the Calvin cycle and other metabolic routes to produce
biomolecules (Schenk et al. 2008). The Calvin cycle is part of
a chemical phase of photosynthesis, where Ci is assimilated
by ribulose 1,5-bisphosphate carboxylase oxygenase
(RuBisCo), the main enzyme responsible for the conversion
of inorganic to organic carbon, requiring CO, as substrate
(Taiz and Zeiger 2004).

Seaweeds exploit the abundance of bicarbonate in sea-
water in two ways: (1) active uptake of bicarbonate into
the cell by a specific carrier, allowing CO, conversion by
the action of carbonic anhydrase enzyme; and (2) conver-
sion of bicarbonate to CO, on the surface of the thallus
by the action of extracellular carbonic anhydrase (Lobban
and Harrison 1994). Fixed carbon provides the necessary
carbon skeleton for synthesis of proteins, lipids, and
carbohydrates.

The change of some environmental factors allows manip-
ulating metabolic pathways, thus redirecting cellular function
for the synthesis of products of interest (Rosenberg et al.
2008). For example, with the increase in CO, concentration,
some algae showed an increase in carbohydrate content, a
decrease in the content of protein (Mercado et al. 1999), and

an increase in the total amount of fatty acid content and oleic
acid (Tsuzuki et al. 1990).

Another natural mechanism by which the algae can alter
lipid metabolism is the response to stress from low nitrogen
availability. Although this nutrient deficiency inhibits cell cy-
cle and the production of almost all cellular components, the
rate of lipid synthesis remains high, which leads to oil accu-
mulation in nitrogen-starved cells (Rosenberg et al. 2008).

In this paper, Dictyota menstrualis (Hoyt) Schnetter,
Horning & Weber-Peukert (Dictyotales, Phacophyceae) was
studied for the production of oil-based bioproducts and co-
products. The effects of CO, availability under different nitro-
gen conditions were evaluated. Our hypothesis holds that the
increase of CO, in the culture medium will increase photosyn-
thesis which, in turn, will result in the biosynthesis of macro-
molecules. On the other hand, depletion of N in the medium
would divert metabolism for the biosynthesis of lipids.

Materials and Methods
Algal Material and Experimental Setup

The study was conducted with Dictyota menstrualis (Hoyt)
Schnetter, Horning & Weber-Peukert (Dictyotales,
Phaeophyceae) collected from Rio do Fogo, Rio Grande do
Norte State, Brazil (5°27'79.9"S and 35°37'56'W). After col-
lection, the specimens were transported to the laboratory
where they were isolated and propagated. Voucher specimen
was deposited in the herbarium of the Institute of Botany
under the number SP 427967.

After isolation, unialgal cultures were maintained in medi-
um consisting of sterile seawater enriched with half strength of
von Stosch’s solution (VSES/2), as described by Oliveira et al.
(1995), and modified with reduction of 50 % in vitamin con-
centrations (Yokoya 2000). The medium was renewed
weekly.

The cultures were maintained in a culture room under the
following conditions: average temperature of 24+2 °C, salin-
ity of 30-32 psu, pH 8, photoperiod of 14 h, and photon flux
density of 80-90 pmol photons m 2 s~ provided by two
fluorescent lamps of 40 W, “daylight” type, arranged horizon-
tally above the culture flasks.

The experiments were performed in a bioreactor system
(model TE-BIT-E3; Tecnal, Brazil) composed of six reaction
vessels (volume 2.5 1) with stainless steel lids with inputs for
temperature (Tecnal), pH (Mettler Toledo), oxygen (Mettler
Toledo), and CO, (Mettler Toledo) sensors. The reaction ves-
sels were connected to a system control and data acquisition
(Tecbio-soft; Tecnal) of temperature, pH, as well as variations
in dissolved O, and CO; in the culture medium.

Macroalgae were grown in sterile seawater enriched with
VSES/2 solution, with and without addition of NO5 , in the
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proportion of 400 mg of biomass to 1.6 | of culture medium.
These treatments (with and without NO3 ) were performed in
three different conditions: (1) no aeration addition; (2) aera-
tion addition; (3) aeration addition plus CO, enrichment. The
medium was changed weekly; the experiment lasted 2 weeks
and was simultaneously tested with three replicates.

Aeration and CO, injection were constant throughout the
experimental period and were injected by different inputs. Air,
from the aeration system module Bio-Tec A (Tecnal), and
CO,, from a cylinder, were filtered and then moistened. The
input of the air and CO, to the bioreactor vessel was made by a
manifold with six outputs, and the airflow of each exit was
adjusted with a rotameter.

The concentration of the forms of dissolved inorganic
carbon (DIC), including CO, and HCO;3; (Table 1), were
estimated from the pH and total alkalinity of the medium,
using the equation described by Dickson et al. (2007). The
calculations were performed with the aid of the seacarb
package (Lavigne et al. 2009) for the R programming
environment.

At the end of the cultivation period, the macroalgae were
frozen in liquid nitrogen and stored at —80 °C until biochem-
ical analysis. The following processes were analyzed: growth
rate and photosynthesis; CO, and nitrogen assimilation,
through the activity of the enzymes Nitrate Reductase (NR,
the first enzyme of the nitrate assimilation pathway), Carbonic
Anhydrase (CA, enzyme responsible for the conversion of
HCO; to CO,), and Ribulose-1,5-bisphosphate Carboxylase
Oxygenase (RuBisCo, the first enzyme of the CO, assimila-
tion pathway). Pigments, total soluble protein, total soluble
carbohydrate, total lipid content, fatty acid composition, and
content of C and N on tissue were quantified.

Growth Rate

The growth rate (GR) was evaluated weekly by fresh weight
measurements and calculated using the following formula:

[(In final weight—In initial weight) / (final time—start time )]

% 100.

Determination of Photosynthesis and Irradiance
and Dark/light Induction Curves

The photosynthetic rate was assessed by chlorophyll fluores-
cence analysis following the general procedures described in
Necchi (2004) and Yokoya et al. (2007). Chlorophyll fluores-
cence was measured by a pulse amplitude modulated (PAM)
fluorometer (Diving-PAM underwater fluorometer;, Walz,
Effeltrich, Germany). Apical segments of D. menstrualis were
placed directly on the tip of the fiber-optic fluorometer, using
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the supplied magnet sample holder. Rapid light curves (RLC)
consisted of the fluorescence responses to eight increasing
irradiance levels, using the “light curve” option of the
Diving-PAM. At each irradiance, the exposure time was
15 s. Two main parameters were determined: (1) effective
quantum yield of photosystem II (PSII), AF/Fm’, which was
calculated using the following formula: AF=Fm'—Ft,
where Fm' is the maximal fluorescence of an illuminated
sample, and Ft is the transient fluorescence (Schreiber
et al. 1994); (2) relative electron transport rate (trETR) cal-
culated as AF/Fm’'xPAR x 0.5, where PAR is the actinic
irradiance (umol photons m 2 s ') and 0.5 is a multiplica-
tion factor to satisfy the transport of a single electron which
requires the absorption of two quanta.

Photosynthesis x irradiance curves (PI curves) were gener-
ated on the basis of rETR, and the respective parameters were
calculated by the equation of Platt et al. (1980): photosynthetic
efficiency (¢xETR), Pmax (rETRmax), and saturation param-
eter (Ik).

Apart from PI curves, dark/light induction curves (Kautsky
curves) were analyzed, followed by a recovery curve. In this
analysis, samples acclimated 30 min in the dark were subject-
ed to a pulse saturation to obtain the value of potential quan-
tum yield (PQY). Afterwards, actinic light was turned on
(696 pmol photons m > s "), and 13 additional pulses were
applied at intervals of 15 s to determine the effective quantum
yield (EQY) (Kautsky curve). After shutting down actinic
light, six additional saturating pulses were applied at intervals
of 10 s, 30 s, 1 min, 2 min, 5 min, and 10 min (recovery
curve).

Total Soluble Proteins and Nitrate Reductase (NR) Assay

Cell extraction and NR assay were conducted by modifying
the protocol described by Chow et al. (2004). Fresh biomass
(200 mg) was macerated in liquid nitrogen and suspended in
1.15 ml of extraction buffer (0.2 M phosphate buffer, pH 8.0,
5 mM EDTA, 1 mM DTT, and protease inhibitor cocktail).
The solution was centrifuged at 12,000xg (4 °C for 15 min).
The supernatant was desalted by 5 ml commercial columns
with Sephadex G-25 superfine matrix that provides a mass
cutoff of 5000 Da, ensuring the separation of the protein from
nitrate. The concentration of soluble protein of the crude ex-
tract was determined by spectrophotometry at 595 nm after
addition of Bio-Rad protein test solution by the method of
Bradford (1976), and bovine serum albumin was used as
standard.

To determine NR, the crude extract (150 pl) was preincu-
bated in a reaction mixture (0.2 M phosphate buffer, pH 8.0,
6 mM KNOs3, and 0.5 mM MgSO,) for 10 min. The mixture
was incubated for an additional 30 min after addition of
40 uM NADH to initiate the reaction. The reaction was
stopped by adding 1.4 mM ZnSO, and 43 % ethanol v/v.
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Table1 Nutrient concentrations and abiotic parameters monitored during the experiment with Dictyota menstrualis cultivated in bioreactors with and
without the addition of nitrate and CO, to seawater
Treatments

No aeration+N (+N) No aeration—N (-N) Aeration+N (Ar+N) Aeration—N (Ar—N) Aeration+CO, Aeration+CO,

+N (CO,+N) —N(CO,—N)

NO; (uM) 250 - 250 - 250 -
CO, (mM) 0.008+0.0 0.005+0.0 0.007+0.0 0.005+0.0 0.44+0.0 0.44+0.0
HCO; (mM) 1.7£0.07 1.5+0.01 1.5+0.03 1.6+0.02 22400 2.3+0.01
0, (mg 'Y 94+04 10.8+0.6 77402 7740.1 75402 7.6%0.1
pH 8.2+0.1 8.3+0.0 8.3+0.1 8.2+0.1 6.6£0.1 6.5+£0.2
Temperature (°C) 25.8+0.7 25.8+£0.7 25.8+0.7 25.8+0.7 25.8+£0.7 25.8+0.7

Values are mean + standard deviation (n=3)

The solution was centrifuged at 12,000xg (20 °C for 10 min).
NO, concentration was determined by spectrophotometry at
543 nm after addition of 9.6 mM sulfanilamide and 0.7 mM
N-(1-naphthyl) ethylenediamine dihydrochloride, respective-
ly. Controls were performed without NADH and NOs;.

The content of NO, produced was transformed into enzy-
matic activity per protein concentration considering that 1 NR
unit (U) corresponds to 1 umol of NO, produced per minute
(Chapman and Harrison 1988).

Carbonic Anhydrase (CA) Assay

CA activity was analyzed using the method of Haglund et al.
(1992). Briefly, the extraction was performed by macerating
the samples in liquid nitrogen. The macerate was suspended in
an extraction buffer (50 mM Tris (hydroxymethyl)
aminomethane, 5 mM EDTA, 25 mM ascorbic acid, pH 8.5)
at the proportion of 100 mg of fresh biomass to 2 ml buftfer,
and samples were maintained on ice until analysis.

CA assay was carried out by adding 1 ml of Milli-Q water
saturated with CO, and measuring the time required for pH to
decrease from 7.9 to 7.3. The samples were always kept on
ice. After addition of 1 ml of Milli-Q water saturated with
CO,, pH decay time was also evaluated in control, consisting
of 2 ml of buffer without seaweed extract.

The relative activity of CA, termed relative enzymatic ac-
tivity (REA), was calculated using the following formula: [(z/
1) ')/fw, where ¢, is the reduction time of pH within the limit
established in control, #. is the reduction time of pH in the
sample with seaweed, and fw is the fresh weight (g).

Rubisco

To determine the initial activity of Rubisco, we used the meth-
od of Gerard and Driscoll (1996) modified by Wang et al.
(2011). Briefly, the extraction was performed by macerating
the samples in liquid nitrogen. The macerate was suspended in
an extraction buffer (40 mM Tris—HCI, 10 mM MgCl,,

0.25 mM EDTA, and 5 mM reduced glutathione, pH 7.6) in
a proportion of 0.2 g fresh weight per 500 pl of buffer. The
solution was centrifuged at 2000xg (4 °C for 2 min), and the
supernatant was removed and kept on ice for 30 min to acti-
vate the enzyme.

The reaction mixture consisted of reaction buffer (0.1 M
Tris—HCI, 12 mM MgCl,, and 0.4 mM EDTA, pH 7.8) and
0.01 mM NaHCOs;, 0.34 mM NADH, 3.44 mM ATP,
3.44 mM phosphocreatine, 5 U creatine phosphokinase, 5 U
glyceraldehyde-3-phosphate dehydrogenase/
phosphoglycerate kinase, and 100 pl of crude extract. The
reaction was started by adding 2 mM ribulose-1,5-
bisphosphate. The oxidation of NADH was monitored by
the decrease in absorbance at 340 nm. The spontaneous oxi-
dation of NADH was estimated for a few minutes before the
reaction and subtracted from the measured activity of
Rubisco. Rubisco activity was related to protein concentration
and calculated as described by Wang et al. (2011).

Chlorophyll a

The extraction was performed by macerating the samples in
liquid nitrogen. The macerate (100 mg) was suspended in 1 ml
of 90 % acetone to obtain homogenization. The solution was
centrifuged at 12,000xg (4 °C for 15 min), and the supernatant
containing the chlorophyll was transferred to vials, sealed and
kept in the dark until analysis by spectrophotometry.

Determination of chlorophyll concentration was carried out
using the formulas described by Jeffrey and Humphrey
(1975).

Total Soluble Carbohydrates

The lyophilized macerate (20 mg) was suspended in 1 ml of
70 % ethanol to obtain homogenization. The solution was
incubated in a water bath for 3 h at 70 °C and then centrifuged
at 5000xg for 5 min (Karsten et al. 1999). The total carbohy-
drate concentration was determined by spectrophotometry at
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490 nm after addition of phenol and sulfuric acid (5 %), ac-
cording to the colorimetric method of phenol sulfuric acid
(Dubois et al. 1956).

Analysis of Total Lipids and Fatty Acids

The Bligh and Dyer (1959) method was used for lipid extrac-
tion. The macerated lyophilized algae (0.02 g dry mass) were
suspended in PBS, followed by the addition of 7.6 pl of C13:0
analytical standard (glyceryl tritridecanoate) solution
(5 mg ml™" in hexane) and 750 ul of chloroform/methanol/
water (2:2:1). The mixture was centrifuged, and the chloro-
form phase was transferred to another flask and dried under N,
(g)- The total lipid content was determined gravimetrically,
and the dry extract of lipid was methylated to assess fatty acid
content.

The methylation reaction of fatty acids to fatty acid methyl
esters (FAME) was performed by dissolving the dry extract of
lipid in 61 pl of BF5 (7 % in methanol) and 30 ul of toluene
and heated to 100 °C for 45 min. After the reaction, water was
added at room temperature, and FAME was extracted with
hexane. Chromatographic analysis and quantification of the
FAMESs were performed as previously described.

The FAMEs were analyzed by gas chromatography
coupled with mass spectrometry (QP2010; Shimadzu,
Kyoto, Japan) with a 30-m fused silica capillary column
(VF-Wax with 0.25 um film; Agilent). A sample (1 ul) was
injected at 220 °C in split mode. Helium was used as the
carrier gas at a flow rate of 1 ml min~' with the following
temperature ramp: initial temperature of 60 °C with an in-
crease of 5 °C per minute up to 260 °C, which was maintained
for 10 min.

The standard used to identify the peaks was Supelco 37
(47885-U). The fatty acids were identified by comparison
with retention times of standards and/or by comparison of
their mass spectra with the spectra library (NIST).

Most FAMEs could be quantified using the line equation of
the standard curve of the respective FAME of the Supelco 37
standard. For FAMESs not in the Supelco standard, quantifica-
tion was performed considering the concentration of the inter-
nal standard (C13:0) since peak area was proportional to the
concentration of FAME.

Carbon and Nitrogen Content

One milligram of macerated lyophilized sample was intro-
duced into the PerkinElmer 2400 Series II CHNS/O
Elemental Analyzer System (Billerica, MA), where combus-
tion occurred at 925 °C in the presence of pure oxygen. The
resulting gases (CO,, N,, and H,O) were carried by pure
helium gas and subsequently homogenized and separated by
specific columns packed with silica. The detection was made
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by a thermal conductivity detector (Perkin Elmer). The accu-
racy of the device was +0.3 % for C, H, and N.

Statistical Analysis

All analyses were performed in triplicate. Data were submitted
to variance analysis (ANOVA) of one factor, followed by the
Student-Newman-Keuls comparison test, considering confi-
dence level of 95 %.

Results

The GR of D. menstrualis varied among treatments,
being higher with the addition of NO5; . Among the
treatments with NO5 ™, the highest growth occurred when aer-
ation was provided, irrespective of adding CO, (£ 58.22;
P<0.001) (Fig. 1).

Wide variations in Pmax (F 92.95; P<0.001) and Ik (F
50.00; P<0.001) were observed among different treatments,
and the highest values occurred when D. menstrualis was
grown in seawater containing CO, and NO; (Fig. 2,
Table 2). EQY (F 37.40; P<0.001) was greater in specimens
cultured in all treatments containing NO5 and alpha (F' 14.49;
P<0.001) was higher in treatment with the addition of NO5 ",
but without CO, (Table 2).

Light/dark induction curves (Kautsky) and PQY recovery
showed similar characteristics between samples grown in dif-
ferent treatments (Fig. 3). The highest values of PQY occurred
in algae grown with the addition of NO5  (Fig. 3). The initial
and final values of PQY show a high capacity for recovery,
except for specimens cultured in culture medium aerated with-
out CO, and NO3 ", which showed a recovery of approximate-
ly 71 % (Table 3).
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Newman-Keuls test
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D. menstrualis grown in the presence of CO, and NO;~
showed the highest ETR, which gradually increased, becom-
ing constant from about one light-minute. This gradual in-
crease in ETR was also observed for samples grown without
aeration, but with NO3 ™. Since no significant difference in
ETR values could be observed between the first and last pe-
riods of light, the same results were not observed for other
treatments (Fig. 4).

In all treatments, NPQ increased with increasing exposure
to light. Specimens grown in culture medium aerated without
CO, and NO;  showed the highest values of NPQ. A trend of
decreasing NPQ values was observed following the termina-
tion of light exposure, except for samples grown in treatments
without CO, and NO;  (Fig. 5).

The highest values of NR (F'45.48; P<0.001) and Rubisco
(F 8.56; P=0.017) activities occurred when CO, and NO;
were added. It was not possible to detect the enzymatic

Table 2 Photosynthetic parameters (effective quantum yield—EQY,
maximum photosynthesis—Pmax, photosynthetic efficiency—Alpha,
and saturation parameter—Ik) of D. menstrualis cultivated in
bioreactors with and without the addition of nitrate and CO, to seawater
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Fig. 3 Dark/light induction curves and recovery period of the quantum
yield of algae acclimated to dark of D. menstrualis cultivated in
bioreactors with and without the addition of nitrate and CO, to
seawater. Values represent the mean = standard deviation (n=3)

activity of Rubisco and NR for samples of D. menstrualis
cultivated in culture medium without addition of NO5; by
the methods used (Fig. 6a, b). Small differences in CA activity
were observed among treatments (F 7.88; P=0.009), and en-
zyme activity was higher in specimens cultured with the ad-
dition of NO5 ™ (Fig. 6¢).

Chlorophyll a content was higher in all treatments contain-
ing NO3  and in treatment containing CO, without NO3 (¥
161.23; P<0.001) (Fig. 7a). The total lipid content was higher
in treatments with CO, and NO5; (£ 11.83; P<0.001)
(Fig. 7b). The content of soluble carbohydrates was higher
in treatments with CO, and NO; (£ 19.38; P<0.001), while
the content of total soluble protein (F 32.00; P<0.001) was
higher in all NO; treatments (Fig. 7c, d).

The total nitrogen content of algal tissue was higher (¥
125.68; P<0.001) when treated with NO;  (Fig. 8a). Total
C content also varied (F 48.05; P<0.001), although this

Table3 Initial and final potential quantum yield (PQY) and percentage
of PQY recovery obtained with the dark/light induction curve plus
recovery of D. menstrualis cultivated in bioreactors with and without
the addition of nitrate and CO, to seawater

Treatments  EQY Pmax Alpha Ik Treatments Initial PQY Final PQY % of recovery
+N 0.758+0.0° 32.1+£22° 05+00°  68.1+1.7° +N 0.727+0.0* 0.664+0.0° 91.3+£1.2°
-N 0.621+£0.0° 273+42° 04200  722+84° -N 0.477+0.0° 0.412+0.0¢ 83.5+1.5
Ar+N 0.781+£0.0° 194+12° 05+£00*  37.8+29° Ar+N 0.768 +0.0° 0.724+0.0° 9444322
Ar—N 0.603+£0.0° 102+20% 0400 26561  Ar—N 0.596+0.0° 0.420+0.0¢ 71.1+8.5°
CO,+N 0.747+0.0°  559+2.7*° 04+0.0° 1485+22.0° CO,+N 0.734+0.0° 0.674+0.0° 91.9+3.0
C0O,-N 0.668+0.0° 17.5+3.9° 03+00°  504+9.00° CO,—N 0.623+0.0 0.582+0.0° 93.4+2.8°

For each parameter, treatments with different letters are significantly dif-
ferent according to the multiple comparison Student-Newman-Keuls test:
EQY (F 37.40; P<0.001); Pmax (£ 92.95; P<0.001); Alpha (¥ 14.49;
P<0.001); Ik (¥ 50.00; P<0.001)

For each parameter, treatments with different letters are significantly dif-
ferent according to the multiple comparison Student-Newman-Keuls test:
initial PQY (F 27.61; P<0.001); final PQY (# 97.25; P<0.001); % of
recovery (F 6.46; P=0.004)

@ Springer



320 Mar Biotechnol (2016) 18:314-326
50 - . +’\T fatty acids were observed among the different treatments.
J ° - . .
’ } f } } % % A AN For monounsaturated fatty acids, the lowest concentration oc-
] % : v AN curred when D. menstrualis was grown without aeration and
404 * CO#N
% <4 CO:N
] % a
r 30- % i 1 14+
—~
MRS B 1 S gl a
i E w121
204 i o
IS ENE =
St ; 2
< L -—
10 goet + T1 S -
RARERRES RN 8 7e
1 RN i Y ® g c
0l- sy - o x ,
00:01:13 00:02:27 00:03:37 00:21:51 < Om
Time (min) <
Fig. 4 Electron transport rate (ETR) presented by D. menstrualis g
cultivated in bioreactors with and without addition of nitrate and CO, to £
seawater during dark/light induction curves and recovery period of the — — —
quantum yield of algae acclimated to dark. Values represent the mean -N Ar+N Ar-N  CO2+N CO2-N
+ standard deviation (n=3)
b 7
variation was smaller. The largest values of C occurred when ] 5
the specimens were grown in treatments without NO3  but 6
either with or without the addition of CO, (Fig. 8b). o 1
Considerable variation was observed in C/N ratio (F 52.93; 54
P<0.001), and it was higher in treatments without the addi- 4 ]

tion of NO;~ with or without the addition of CO, (Fig. &c).
The total fatty acid content was higher in all treatments
containing NO3 ™ (ca. 40 %) (¥ 11.97; P<0.001). The pres-
ence of NO;™ also stimulated the synthesis of polyunsaturated
fatty acids by about twofold (£ 35.25; P<0.001). However,
no significant differences in the concentration of saturated
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Fig. 5 Non-photochemical quenching (NPQ) presented by

D. menstrualis cultivated in bioreactors with and without the addition

of nitrate and CO, to seawater during dark/light induction curves and

recovery period of the quantum yield of algae acclimated to dark.
Values represent the mean + standard deviation (n=3)
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Rubisco activity
(x10™ mmol CO, mg prot min'1)

T T T X T 1
+N -N Ar+N Ar-N  CO2+N CO2-N

CA activity
(REA)

CO2+N

+N -N Ar+N Ar-N

Fig. 6 Nitrate reductase (a), Rubisco (b), and carbonic anhydrase (¢) activity
of D. menstrualis cultivated in bioreactors with and without the addition of
nitrate and CO, to seawater. Values represent the mean =+ standard deviation
(n=3). Treatments with different letters are significantly different according
to the multiple comparison Student-Newman-Keuls test. The CA
activity was not evaluated in the treatment Ar-N.
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<« Fig. 7 Chlorophyll a (a), total lipids (b), total soluble carbohydrates (c),
and total soluble protein (d) content of D. menstrualis cultivated in
bioreactors with and without the addition of nitrate and CO, to
seawater. Values represent the mean +standard deviation (n=3).
Treatments with different letfers are significantly different according to
the multiple comparison Student-Newman-Keuls test

without NO3, with no significant differences among the other
treatments (F 5.64; P=0.007) (Table 4).

Palmitic acid was the major fatty acid found in
D. menstrualis biomass for all treatments. However, myristic
(C14:0) FA showed variation. While the content of C14:0 was
higher than C18:0 in treatments with NO;~ but without CO»,
the opposite occurred in treatments without NO3~ and CO,.
This difference could be attributed to variation in the content
of C14:0 among treatments (¥ 16.18; P<0.001), while the
concentration of C18:0 and other saturated FAs remained con-
stant (Table 5).

For monounsaturated fatty acids, the concentration of
Cl16:1w7 was higher in treatments with the addition of
NO; without CO, (F 19.37; P<0.001). On the other hand,
the concentration of C18:1w9 was higher in treatments with
aeration and without CO,, but either with or without NO5 ", as
well as treatment with CO, but without NO5; ™ (F 4.39;
P=0.017) (Table 5).

The major polyunsaturated fatty acid was stearidonic acid
(C18:4w3), followed by arachidonic acid (C20:4w6).
Eicosapentaenoic acid (C20:5w3) was the only polyunsatu-
rated fatty acid whose concentration did not differ among all
treatments. The content of other polyunsaturated fatty acids
varied significantly, and, in general, the concentration was
higher when NO5;~ was added (Table 5).

The content of w-3 was greater than that of w-6 in all
treatments. The concentration of these fatty acids varied, be-
ing higher in treatments with NO5 (Table 5).

Discussion

The CO, concentration tested was very high, about 44 times
greater than the concentration of treatments without CO, in-
jection. While GR of D. menstrualis grown under these con-
ditions were not inhibited, it was limited by the absence of
NO; in the culture medium. In treatments with NOs  addi-
tion, GR ranged from 14 to 16 % day '. The same was not
observed for Ulva rigida C. Agardh (Chlorophyta),
Lomentaria articulata (Hudson) Lyngbye (Rhodophyta), and
Hizikia fusiforme (Harv.) Okamura (Phacophyceae) since the
increase in CO, concentration resulted in an increment in their
GR (Gordillo et al. 2001; Kubler et al. 1999; Zou 2005).
However, for Porphyra leucosticta Thuret et Le Jolis
(Rhodophyta), the increase in CO, concentration in air to only
1 % caused a decrease of GR from 5.8+1.39 (no CO,
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Fig. 8 Total nitrogen (a) and total carbon (b) content and C/N ratio (¢) in
the tissue of D. menstrualis cultivated in bioreactors with and without the
addition of nitrate and CO, to seawater. Values represent the mean +
standard deviation (n=3). Treatments with different /etters are signifi-
cantly different according to the multiple comparison Student-Newman-
Keuls test

CO2+N CO2-N

treatment) to 0.91+0.11 (treatment with CO,) (Mercado et al.
1999). The growth rate presented by D. menstrualis was high
when compared to other seaweeds species. For example, the
highest growth rate presented by H. fusiforme was near of 9 %

@ Springer

day ! (Zou 2005). Kuhlenkamp et al. (2001) evaluated the
growth of Dictyota dichotoma in different light conditions.
The highest growth rates occurred when it was grown with
PAR and the values range from about 10 to 15 % day .

Cl a content of D. menstrualis was higher in treatments
with NO5; . However, when CO, was added in the culture
medium, Cl a concentration of D. menstrualis cultivated with-
out NO; was similar to all treatments with NOs  added. This
result shows that decreased chlorophyll content caused by
NOs  limitation does not occur in high CO, concentration.

The increase of CO, did not affect GR. Still, the values of
Ik and ETRmax showed a significant increase when
D. menstrualis was grown in culture medium with both CO,
and NO; . These results were not observed by Zou (2005)
who reported no significant difference in the ETRmax values
of H. fusiforme grown in treatments with and without CO,
enrichment. However, Ik was lower when this species was
grown with CO,. For P, leucosticta, the increase in CO, con-
centration resulted in an increase in ETRmax (Mercado et al.
1999).

Differences in ETRmax values of D. menstrualis may be
related to the concentration of photosynthetic units and their
minimal turnover time. The turnover time of the photosynthet-
ic apparatus, on the other hand, changes as a result of alter-
ations in the electron transfer rate between photosystem I and
II (Mercado et al. 1999). Thus, higher values of Ik and
ETRmax indicate a higher concentration and better function-
ing of the photosynthetic apparatus of D. menstrualis cultivat-
ed with both CO, and NOj; ', as evidenced by higher ETR
presented in both PI and Kautsky curves. Moreover, in spec-
imens cultured in this treatment, both ETR and EQY increased
rapidly during the first minutes of Kautsky curve illumination,
indicating activation of Calvin cycle enzymes and increase in
CO, fixation (Heins Walz GmbH 1998), a process that was
also evidenced by increased Rubisco activity. However, in
treatment with aeration, without the addition of CO, and
NOs, the ETR values of Kautsky curve were the lowest,
while the NPQ values were the highest. During dark adapta-
tion, the enzymes of the Calvin cycle are partially inactivated.
These enzymes are activated by light during the first minutes
of illumination. In this period, O,, but not CO,, is the final
electron acceptor. The O,-dependent electron flow and cyclic
electron flow of photosystem I create a proton gradient used
for the synthesis of ATP, which will be consumed when the
Calvin cycle is activated. During this period, NPQ increases,
but then declines with increasing CO, fixation and ATP con-
sumption (Heins Walz GmbH 1998). Thus, as shown by the
low ETR values and high NPQ values during the period of
illumination of the Kautsky curve, the Calvin cycle of
D. menstrualis, cultivated with aeration, without CO, and
NO;  addition, was not fully active, possibly resulting from
the lower number of enzymes. However, it was not possible to
measure Rubisco in this treatment by the method used.
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Table 4 Content of total,

saturated. monounsaturated. and Treatments Total fatty Saturated Monounsaturated Polyunsaturated

polyunsa,turated fatty acids ’(mg acid fatty acid fatty acid fatty acid

g ' dry mass) of D. menstrualis

cultivated in bioreactors with and ~ +N 17.43£1.17° 6.07£0.53 3224025 8.14+0.40°

without the addition of nitrate and -N 11.09+£0.93° 5.09+0.34 2.29+0.20° 3.71+£0.39°

CO; to seawater Ar+N 18.86+1.60° 6.56+0.55 3.52+0.35 8.78+0.70°
Ar—-N 12.95+0.89° 5.92+0.30 2.95+0.19% 4.08+0.40°
CO,+N 16.18 +1.44* 6.00+£0.62 2.75+0.23% 7.43+0.65%
C0O,—N 13.70+1.03° 5.84+0.44 2.89+0.25% 497+051°

For each fatty acid, treatments with different letters are significantly different according to the multiple compar-
ison Student-Newman-Keuls test: total fatty acid (¥ 11.97; P<0.001); monounsaturated fatty acid (¥ 5.64;
P=0.007); polyunsaturated fatty acid (¥ 35.25; P<0.001)

Similar to Rubisco activity observed in D. menstrualis, NR
activity was also higher when the algae were cultured with
both CO, and NO; . However, little variation was observed
in CA activity among different treatments. Similar results
were obtained by Zou (2005) who reported that an increase
in CO, concentration in the culture medium led to an increase
in NO3 uptake and NR activity of H. fussiforme, indicating an
increase in N assimilation. Despite this, the contents of soluble
protein and total N in the tissue of D. menstrualis varied,
depending on the presence/absence of NOs3 ™ in the culture
medium and not the presence of CO,. For P. leucosticta, an
increase of CO; led to a decrease in total soluble protein con-
tent (Mercado et al. 1999). An inverse relationship was also

noted between N content of L. articulata tissue and CO, con-
centration in the culture medium (Kubler et al. 1999). For
Gracilaria lemaneiformis (Bory) Weber-van Bosse
(Rhodophyta), no change in protein content could be correlat-
ed with CO, concentration in culture medium (Zou and Gao
2009).

The maximum NR activity of D. menstrualis observed in
the present study was 11.5 (+1.4)nmol NO; min ' mg ' pro-
tein, in the treatment with both CO, and NO5 . Young et al.
(2005) evaluated the NR activity of Dictyota sp. and the value
found was 40.6 (+1.6)nmol NO; min ' g ' FW. These values
vary according to the species and growing conditions or the
site and time of collection. For example, Young et al. (2005)

Table 5  Content of total, saturated, monounsaturated, and polyunsaturated fatty acids (mg g~' dry mass) of D. menstrualis cultivated in bioreactors

with and without the addition of nitrate and CO, to seawater

+N -N Ar+N Ar—N CO,+N CO,—N
Saturated C14:0 1.37+0.09° 0.76+0.08° 1.62+0.18° 0.98+0.08% 1.25+0.15° 0.97+0.09%
C15:0 0.15+0.02 0.17+0.00 0.18+0.01 0.19+0.01 0.15+0.01 0.20+0.05
C16:0 3.50+0.33 3.20+0.21 3.68+0.40 3.69+0.16 3.35+0.37 3.57+0.22
C18:0 1.05+0.11 0.96+0.06 1.08+0.08 1.05+0.06 1.24+0.19 1.10+0.09
Monounsaturated Cl6:1w7 1.51+0.11% 0.83+0.07¢ 1.69+0.14° 0.99+0.08° 1.37+0.13° 1.13+0.12¢
C18:1w9 1.05+0.11° 1.46+0.12° 1.83+0.30%° 1.96+0.11° 1.39+0.11° 1.77+0.13%®
Polyunsaturated C18:2w6 0.33£0.02%° 0.22+0.01° 0.38+0.04° 0.24+0.01° 0.30+0.01° 0.23+0.01°
C18:3w6 0.37+0.01° - 0.37+0.02 - 0.30+0.01° 0.24+0.02°
C18:3w3 0.51+0.02% 0.27+0.01° 0.60+0.05 0.29+0.03° 0.50+0.04° 0.36+0.07°
C18:4w3 3.81+0.19% 1.14+0.16° 4.14+0.42° 1.13+0.18° 3.42+0.34° 1.79+0.26°
C20:3w9 0.80+£0.03* 0.46+0.06° 0.70+0.07* 0.43+0.04° 0.56+0.06° 0.49+0.07°
C20:4w6 1.19£0.10° 0.71+0.07° 1.25+0.09° 0.79+0.05° 1.12+0.11° 0.89+0.11°
C20:4w3 0.39+0.01°° 0.29+0.15° 0.51+0.07* 0.54+0.06° 0.41+0.03% 0.40+0.07%
C20:5w3 0.73+0.05 0.62+0.04 0.83+0.07 0.65+0.04 0.81+0.10 0.73+0.06
w-3 5.44+0.34° 232+032° 6.08+0.88° 2.61+0.36° 5.15+0.61° 3.2840.46°
w-6 1.89+0.15% 0.92+0.09° 2.01+0.23 1.03+0.08° 1.72+0.16° 1.20+0.20°
w-6/w-3 ratio 0.35+0.02 0.40+0.01 0.33+0.01 0.40+0.03 0.33+0.03 0.37+0.07

For each fatty acid, treatments with different letters are significantly different according to the multiple comparison Student-Newman-Keuls test: C14:0
(F 16.18; P<0.001); Cl6:1w7 (F 19.37; P<0.001); C18:1w9 (F 4.39; P=0.017); C18:2w6 (F 25.46; P<0.001); C18:3w6 (F 427.51; P<0.001);
C18:3w3 (F 21.32; P<0.001); C18:4w3 (F 57.07; P<0.001); C20:3w9 (F 14.24; P<0.001); C20:4w6 (F 12.69; P<0.001); C20:4w3 (F 6.34;
P=0.004); w-3 (F 35.42; P<0.001); w-6 (F 30.60; P<0.001)
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studying three species of Fucus observed values ranging from
165 to 290 nmol NO; min ' g~' FW. NR activity was not
detected by the method applied in the seaweed grown in the
absence of nitrate due to the low protein concentration in the
thallus. The results presented in this study are similar with the
paper of Young et al. (2009) which observed values of NR
activities near to zero for Fucus vesiculosus and Fucus
serratus grown for 15 weeks under N deprivation conditions.
The same can be said for the activity of Rubisco since the
results found in the treatments with nitrate addition were sim-
ilar to those reported by Wang et al. (2011).

The content of total soluble carbohydrates of
D. menstrualis was higher in treatments with both CO, and
NO; . Mercado et al. (1999) also noted an increase in the
content of total soluble carbohydrates of P. leucosticta with
the increase of CO, in the medium. It has been proposed that
N starvation stimulates algae lipid synthesis (Rosenberg et al.
2008). However, D. menstrualis had the highest content of
total lipids with NO5; addition and also there was a CO,
stimulation. For G. lemaneiformis, the response to N starva-
tion depended on CO, concentration, and in low CO,, lipid
synthesis increased (Zou and Gao 2009).

When D. menstrualis was grown in treatments with both
CO, and NO; , the content of total lipids was next to
200 mg g ' dw. This value is higher than those found by
Gosch et al. (2012), who studied different species of red,
green, and brown seaweeds collected in the field. They could
observe that the brown algae have the highest content
of total lipids, followed by green algae. Inside the
brown algae, the highest values, around 120 mg g '
dw, occurred in order Dictyotales, particularly in the
genus Dictyota and Spatoglossum. The highest value
found in the present study may be due to the fact that
D. menstrualis samples were derived from the cultiva-
tion and not from the field.

The content of total fatty acids of D. menstrualis was lower
than that found for other Dictyota species (Gosch et al. 2012,
2015), and greater than that found for other species of red and
green algae (Gosch et al. 2012; Gressler et al. 2010, 2011a).
There was no significant difference in the content of total
saturated fatty acids and total polyunsaturated fatty acids in
species of Dictyota studied by Gosch et al. (2012). In the
present study, the content of total fatty acids and polyunsatu-
rated fatty acids in D. menstrualis was higher in treatments
with NOjs', irrespective of CO, concentration. Consequently,
in these treatments, the content of total polyunsaturated fatty
acids was greater than the total saturated fatty acids. Similar
results were found by Hu and Gao (2006) who reported an
increase in polyunsaturated fatty acids in Nannochloropsis sp.
(Eustigmatophyte), as a function of NO3~ concentration in the
culture medium. Unlike the results of this work, Tsuzuki et al.
(1990) found that CO, concentration affected fatty acid com-
position of the microalgae Chlorella vulgaris Beyerinck
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(Chlorophyta), and the degree of unsaturation of these fatty
acids was highest in cells grown with low CO, concentration.

The increased in the content of polyunsaturated fatty acids
was caused mainly by an increment in the content of
C18:4w3, the major polyunsaturated fatty acid present in
Dictyota menstrualis biomass. Although this fatty acid has
not been found in biomass of other seaweeds species (Gosch
et al. 2012; Gressler et al. 2010, 2011a), it was quantified in
large quantities in Dictyota bartayresii, D. dichotoma,
Dictyopteris australis, and Spatoglossum macrodontum
(Gosch et al. 2012, 2015).

To summarize, with the addition of NOs in the culture
medium, D. menstrualis showed a higher growth rate, an in-
crease in the assimilation of this nutrient and CO,, which was
demonstrated by the increased in NR and Rubisco activity,
and an increase in the biosynthesis of Cl a, proteins, lipids,
and polyunsaturated fatty acids. The increase in CO, concen-
tration also stimulated the assimilation of nitrate and CO, and
caused an increase in photosynthesis and biosynthesis of
lipids and carbohydrates.

The fatty acid profile of D. menstrualis cultivated in biore-
actors was characterized by a high content of polyunsaturated
fatty acids, especially w-3, which is in accordance with liter-
ature data (Gosch et al. 2012, 2015). It should be noted that w-
3 and w-6 are precursors of important metabolites and hor-
mones related to human health. Therefore, they do have a very
high market value. For w-3, an annual market has been esti-
mated at $35 billion for 2016.

Thus, D. menstrualis has to be considered an important
source of omega family fatty acid, and its biomass from bio-
reactor cultivation is suitable for use as a nutraceutical. In
addition, the GR, photosynthetic rate, and fatty acid content
of D. menstrualis were higher than other species of
macroalgae, highlighting its economic importance and the
possibility of different phytomedicinal and industrial
applications.
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