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Abstract We determined the effects of two nitrogen sources
(ammonium and nitrate) and two irradiance levels (50 and
200 pmol photons m 2 s~ ') on the growth rate, cell size, prox-
imate composition, pigment content, and photosynthesis of the
unicellular red alga, Porphyridium cruentum. Irradiance signif-
icantly affects growth rate, as well as carbohydrate, protein, and
phycoerythrin content. Nitrogen form significantly affects cell
size, total dry weight, organic dry weight, ash content, carotene
content, phycocyanin content, allophycocyanin content, maxi-
mum relative electron transport rate (rETRm), and photosyn-
thetic efficiency (). However, the irradiance and nitrogen
source had significantly interaction with the content of lipids
and chlorophyll a content, relative electron transport rate
(rETR), and irradiance of saturation (Iy). These findings dem-
onstrate that irradiance and nitrogen source influence the me-
tabolism of P. cruentum and that the combination of these two
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Introduction

The use of microalgae was documented in China 2000 years
ago where they consumed the cyanobacterium Nostoc as food
(Spolaore et al. 2006). In Mexico, the Aztecs built raised fields
called chinampas and ate Spirulina (= Arthrospira) mixed
with toasted corn tortillas and chilli sauce; this food was
named “Tecuitlatl” (Paniagua-Michel et al. 1993; Pulz and
Gross 2004). Biotechnological development of microalgae
has increased exponentially in the past 20 years (Grewe and
Pulz 2012). Several products can be obtained from microalgal
cultures, including pigments, lipids, glycerol, and carbohy-
drates (Pulz and Gross 2004; Spolaore et al. 2006). Recently,
synthetic pigment production has decreased, because such
compounds cause problems for human health (Ahlstrom
et al. 2005). Thus, the generation of natural organic pigments
has become important for use in cosmetology, pharmacology,
and food production (Arad and Yaron 1992; Ruiz-Ruiz et al.
2013). Several pigments that are produced by microalgae cells,
such as chlorophylls, carotenoids, and phycobiliproteins, have
garnered attention with regard to their industrial use (Cuellar-
Bermudez et al. 2014). Pigments have a significant function in
photosynthesis by algae and perform many beneficial activi-
ties, having antioxidant, anticarcinogenic, anti-inflammatory,
antiobesity, antiangiogenic, and neuroprotective effects
(Romay et al. 2003; Guedes et al. 2011; Pangestuti and Kim
2011; Yen et al. 2013).
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The unicellular rhodophyte Porphyridium cruentum (S.F.
Gray) Nageli is a microalgae strain with spherical cells, which
lack a cell wall, and synthesize an accessory pigment
(phycoerythrin) that gives them their red color (Gantt 1969,
1981). This microalga is used as a source of sulfated
exopolysaccharides and superoxide dismutase (Misra and
Fridovich 1977; Vonshak 1988) for application in the food
and pharmaceutical industries. Porphyridium cruentum cells
have a rich biomass nutrient profile, especially regarding their
content of carbohydrates, eicosapentaenoic acid (EPA), min-
erals, energy, and proteins, and do not produce toxic or
antinutritional factors when used as a feed supplement
(Rebolloso-Fuentes et al. 2000; Razaghi et al. 2014; Kavitha
et al. 2016). Also, P. cruentum contains phycoerythrin, which
is used as a fluorescent pigment in immunoassays (Curtin
1985) and can be used as a supplement to carotenes, tocoph-
erol, vitamins (Antia et al. 1970), and arachidonic acid (ARA)
(Ahern et al. 1983). The exopolysaccharides and glycerol pro-
duced by P. cruentum can be used as osmotic eliminators that
concentrate live microalgae cells during harvest (Mazzuca-
Sobczuc et al. 2015).

Biomass production by microalgae cultures and their com-
position are influenced by several environmental variables
(Muller-Feuga et al. 2007), the most significant of which are
temperature (Oh et al. 2009), light (Dubinsky and Stambler
2009; Villafane et al. 2005), and nitrogen source (Gigova and
Ivanova 2015). Light is the driving source of photosynthesis,
and irradiance and spectral composition can alter the metabo-
lism and biochemical composition of microalgal cultures
(Falkowski and Raven 2007; Vadiveloo et al. 2017).

Nitrogen is the major nutrient required for photosynthetic
organisms and is used for the synthesis of chlorophyll and
other photosynthetic pigments, amino acids, nucleic acids,
and coenzymes (Hu 2005; Raven and Giodano 2016). The
metabolism of microalgae varies, depending on nitrogen
availability and nitrogen source (Gigova and Ivanova 2015).
Nitrate is the most common dissolved form of nitrogen in
seawater, but many microalgae prefer to use ammonium as a
nutrient (Miller and Castenholtz 2001; Lourengo et al. 2002).

We hypothesized that the light irradiance level and chemi-
cal nitrogen source that is supplied in the medium can be
adjusted to alter the proximate composition, pigment content,
and photosynthesis of P. cruentum for applications in biotech-
nology, aquaculture, and the nutraceutical industry.

Materials and methods
Growth conditions

The strain of Porphyridium cruentum (S.F. Gray) Négeli [=
P. purpureum (Bory de Saint-Vicent) K.M. Drew and R. Ross]
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was obtained from the Institute of Applied Microbiology
(IAM), Tokyo Bunkyo-Ku University, Japan.

Nonaxenic, monospecific batch cultures were maintained
in 12 Erlenmeyer flasks of 125 mL with 100 mL of “f” me-
dium in seawater (Guillard and Ryther 1962). The nitrogen of
“f” medium provided by sodium nitrate (NO5: nitrate) and
used as control was replaced with ammonium chloride
(NHy4: ammonium), considering the atomic ratio of the active
ingredient that was provided by the nitrogen source in the
control medium. The concentration final of nitrogen was
17.66 x 10™* M and the N:P atomic ratio for both nitrogen
sources added to the media were 22:1. The medium was pre-
pared with filtered seawater (1-um pore) and sterilized at
121 °C and 1.05 kg cm °. The culture conditions were as
follows: temperature 20 + 1 °C, salinity 33 + 1%, and daily
manual stirring without aeration. The pH was measured daily
at the initial values of 7.9 that increase throughout the culture
time to reach values o 9.0. Light was provided by 40 W white
fluorescent lamps (Philips F40 T12/DX) at two irradiances—
50 and 200 pmol photons m 2 s~'. The two irradiances were
obtained adjusting the distance of the culture to the lamp and
were measured at the center of the surface of the Erlenmeyer
flasks with a 47t QSL-100 quantum radiometer (Biospherical
Instruments, USA). Each culture condition (nutrients and
light) was maintained in triplicate Erlenmeyer flasks.

Growth rate and cell size

The cell concentration was measured daily by direct count
using a hemocytometer. Clumps of cells were disaggregated
by ultrasonication for 5 min at 100 kHz with an L&R Solid
State/Ultrasonic model T-9B (L&R Manufacturing
Company, USA). The cell concentrations in the exponential
growth phase were log,-transformed to determine growth
rates (W) as per Fogg and Thake (1987).

Cell size was measured on day 7 of the culture. We ran-
domly selected 30 cells and measured the diameter under a
compound microscope using a digital camera and Image Pro-
Discovery software (version 5.1).

Dry weight and proximate composition

The dry weight, proximate composition, and pigment content of
the cells were measured in the exponential growth phase (day 7).

To measure the total dry weight (TDW), 25 mL of each
culture was passed through washed and preweighed 47-mm
Whatman GF/C glass microfiber filters (~1-um pore size),
rinsed with 15 mL ammonium formate (3%) to remove salt
residues, and dried at 60 °C. To measure the ash content
(ASH), the filters with cell biomass were incinerated at 450 °C
for 4 h. The organic dry weight (ODW) was calculated as the
difference between the total dry weight and ash content per
Sorokin (1973).
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To determine the proximate composition of P.
cruentum triplicate, 10-mL samples were passed through
washed and preweighed 25-mm Whatman GF/C glass mi-
crofiber filters and stored at — 20 °C for further analysis.
Water-soluble proteins were extracted with 2 N NaOH at
pH 12 and 40 °C for 60 min with manual grinding as
described by Safi et al. (2014), and the content was quan-
tified per Lowry et al. (1951). A calibration curve was
generated using bovine serum albumin (98%) as the stan-
dard. Carbohydrates were extracted per Whyte (1987) and
quantified by the phenol-sulfuric method (Dubois et al.
1956) using glucose (99%) as the standard. Lipids were
extracted per Bligh and Dyer (1959) and Chiaverini
(1972) and quantified as described by Pande et al.
(1963). A calibration curve for lipids was generated using
tripalmitin (99%) as standard.

Pigments and photosynthesis

Chlorophyll a and carotenoid content was measured on day
7 per Parsons et al. (1984). Phycocyanin, allophycocyanin,
and phycoerytrin were extracted with sodium phosphate
(10 mM, pH 7.0) and sonicated for 30 min, and the con-
centrations were determined per Bennet and Bogorad
(1973).

The photosynthetic activity during each treatment was
measured on day 7 in a S0-mL sample that was concentrated
by centrifugation at 4000 rpm for 5 min at 20 °C, to obtain the
same cell concentration. Photosynthetic activity was analyzed
through rapid light curves using a pulse amplitude-modulation
(PAM) fluorometer (Walz, Junior PAM). Relative electron
transport rate (fETR) and the maximum quantum yield of
photosystem II (F,/F,,,) values to each treatment were obtained
(White et al. 2011). The following photosynthetic parameters
were obtained from each photosynthetic curve: maximum rel-
ative electron transport rate (tETRm), photosynthetic efficien-
cy (o), and saturating irradiance (Iy), as described by Figueroa
et al. (2003).

Statistical analysis

All data were tested for homoscedasticity and normality
(Sokal and Rohlf 1995). Differences in cell concentration
by treatment were examined by Kruskal-Wallis nonpara-
metric analysis of variance (one-way ANOVA).
Differences to each variable analyzed were compared by
two-way analysis of variance (ANOVA) considering as
levels of the test irradiance and nitrogen source. When
significant differences were obtained, Tukey a posteriori
test was performed. The significance level was set to
P < 0.05 in all cases.

Results
Growth rate and cell size

The concentrations of P. cruentum cells under the various
treatments differed significantly (P < 0.013; Fig. 1), increasing
rapidly during the first several days of culture, depending on
the conditions. The cell density was highest with 200 pmol
photons m 2 s~! and nitrate (8.48 x 10° cells mL ") (Fig. 1).

The growth rate was significantly affected by the irradiance
(P < 0.0001) but not by nitrogen source (P = 0.368) without
interaction between irradiance and nitrogen source (P = 0.068)
(Fig. 2 and Table 2). The higher value of growth rate was
found at 200 pmol photon m s~ with nitrate (0.80 divisions
dayfl) (Fig. 2 and Table 2).

Cell size was affected significantly by nitrogen source
(P < 0.0001; Fig. 2 and Table 2) but not by irradiance
(P = 0.125) without interaction by these variables
(P = 0.211). Porphyridium cruentum cells were larger with
ammonium at 200 pmol photons m 2 s ' (13.19 um) and
50 pmol photons m 2 s™' (15.23 pum). Conversely, the diam-
eters were smallest in cultures with nitrate at 200 pmol pho-
tons m 2 s~ (11.54 um) and 50 pmol photons m 2 s~
(11.24 pm) (Fig. 2 and Table 2).

Dry weight and proximate composition
TDW (P = 0.578), ODW (P = 0.104), and ASH (P = 0.765)

were not significantly affected by irradiance. However, TDW
(P = 0.009), ODW (P = 0.017), and ASH (P = 0.016) were
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Fig. 1 Growth curves of Porphyridium cruentum cultures maintained
under two irradiances (50 and 200 pmol photons m 2 s ') and two
nitrogen sources (ammonium: NH, and nitrate: NO3). The arrow
indicates the day of collection of the samples (day 7), and values with
lowercase letters indicate significant differences measured at this day
between treatments by Kruskal-Wallis test, « = 0.05: a > b > ¢ > d.
Mean values = SD, n =3
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Fig. 2 Growth rate and cell size of Porphyridium cruentum cultures
maintained under two irradiances (50 and 200 pmol photons m?2s)
and two nitrogen sources (ammonium: NH, and nitrate: NO;). Values
with lowercase letters indicate significant differences between
irradiances. Capital letters indicate significant differences between
nitrogen sources by two-way ANOVA and Tukey a posteriori test,
a=0.05:a>band A > B. Mean values = SD, n =3

modified by effect of nitrogen source (Fig. 3 and Table 2).
Interaction between irradiance and nitrogen source did not
affect TDW (P = 0.311), ODW (P = 0.920), and ASH
(P = 0.405) (Fig. 3 and Table 2). TDW (372.70 pg cell D),
ODW (158.71 pgcell '), and ASH (213.99 pg cell ") contents
were highest in cultures that were maintained at 50 pmol pho-
tons m *s ' with ammonium.

The proximate composition of P. cruentum was modi-
fied by irradiance and nitrogen source (Fig. 3 and
Table 2). Protein content was significantly modified by
effect of irradiance (P = 0.0008), but not by nitrogen
source (P = 0.099) and with significant of these factors
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(P = 0.0212) (Fig. 3 and Table 2). The highest protein
content was at 200 pmol photons m 2 s~' with ammoni-
um (10.45%). Carbohydrate content was significantly
modified by irradiance (P = 0.001) (Fig. 3 and Table 2).
The highest carbohydrate content was at 50 pmol photons
m 2 s~ ! with nitrate (37.23%). Lipid content was affected
by irradiance (P = 0.004), nitrogen source (P = 0.031)
with significant interaction of these variables (P = 0.002)
(Fig. 3 and Table 2). The highest lipid content was at
50 pumol photons m 2 s ! with ammonium (18.46%).

Pigments and photosynthesis

Chlorophyll a content was significantly affected by irradiance
(P =0.016) and nitrogen source (P = 0.002) with a significant
interaction (P = 0.015) (Fig. 4 and Table 2). The carotenoid
content was significantly affected by the nitrogen source
(P = 0.002) but not by irradiance (P = 0.264) (Fig. 4 and
Table 2).

The phycocyanin (P = 0.008) and allophycocyanin
(P = 0.021) content was only significantly influenced by the
nitrogen source (Fig. 4 and Table 2), whereas the phycoery-
thrin content was significantly affected by irradiance level
(P = 0.0015) (Fig. 4 and Table 2).

The rETR curves were significantly affected by the nitro-
gen source (P = 0.010; Fig. 5), with higher values occurring
with nitrate. The photosynthetic parameters also differed be-
tween irradiance levels and nitrogen sources (Tables 1 and 2).
The rETRm (P = 0.0002) and photosynthetic efficiency ()
(P =0.0001) were affected by nitrogen source (Tables 1 and
2). The saturating irradiance (Iy) and F/F,, were unaltered by
the irradiance (P > 0.05) or nitrogen source (P > 0.05)
(Tables 1 and 2).

Discussion

In this work, changes in the culture conditions affected the cell
concentration, growth rate, and size of P. cruentum cells. The
cell concentrations of P. cruentum in our treatments were
higher compared with other reports on this strain (You and
Barnett 2004; Razaghi et al. 2014). In our study, duration of
the exponential growth phase in the P. cruentum cultures was
shorter than those reported by other groups (12 days) (Adda
et al. 1986; Nuutila et al. 1997; Razaghi et al. 2014), implying
areduction in the time to reach maximum biomass production.
All growth rates in our work were higher than other values
reported for P. cruentum with varying availability of nitro-
gen—from 0.25 to 0.37 divisions day ' (Gigova and
Ivanova 2015). Nevertheless, during heterotrophic growth
and under various light:dark cycles, Gigova and Ivanova
(2015) recorded a higher growth rate of P. cruentum (from
1.0 to 1.8 divisions day ) than we did.
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The P. cruentum cells in our study were larger with ammo-
nium at the two irradiance levels, and these values were higher
when compared with the same strain maintained in cultures at
various N:P ratios using sodium nitrate as nitrogen source.
The cell size correlated positively (from 2 to 5 pwm) with the
increase of N:P ratio (from 1.6 to 50) (Razaghi et al. 2014).
The N:P ratio in our work was similar to N:P ratio used by
Razaghi et al. (2014) in cultures of P. cruentum maintained at
irradiance of 98 pmol photons m ? s~ ' with an 18:6 h
light:dark cycle. Based on our results, a lower irradiance did
not produce smaller cells, but nitrate decreased the size of P.
cruentum cells, which nevertheless exceeded the values re-
ported by other groups (Thepenier and Gudin 1985; Adda
et al. 1986; Razaghi et al. 2014).

The total dry weight (TDW), organic dry weight (ODW),
and ash content (ASH) of P. cruentum were modified by nitro-
gen sources. TDW values were 83 to 108% higher than those
during maximum cell production by the same strain at an N:P

ratio of 50 (1.2 g L™") with nitrate at 98 umol photons m 2 s

(Razaghi et al. 2014). The ODW of P. cruentum at 50 pmol
photons m > s~ with ammonium was 0.82 g L™, similar to that
by the same strain with “f” medium (0.95 g L™") and lacking
nitrogen (0.84 g L") when cultured at 28 °C and 132 pmol
photons m 2 s ' (Gigova and Ivanova 2015).

The lipid content of P. cruentum with ammonium was similar
to other studies (2 to 19%) of the same strain on day 25 of culture
with a 12:12 light:dark cycle at 30 °C, 10-25 pmol photons
mZs ', and 125 rpm (Oh et al. 2009). This rise was faster in
our study (day 7), which decreased the time to reach the cellular
components of interest, such as lipids, lowering the costs of
maintenance and light supply. The lipid content of P. cruentum
was 6.7% when cultured with Hemerick’s medium at 20 °C
(Bermejo-Romaén et al. 2002). In this study, the lipid content of
P. cruentum cultures increased at a lower irradiance and ammo-
nium supply—other studies found that the accumulation of lipids
can be induced in several microalgae strains by nitrogen-limiting
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conditions in the medium (Sanchez-Saavedra and Voltolina
2005; Muller-Feuga et al. 2007). Inducing lipid production
through nitrogen limitation slows or halts biomass production;
thus, our findings raise the possibility of increasing lipid content
without affecting biomass production. We found that a combina-
tion of factors, such as low irradiance level (50 umol photons
m s ) and ammonium, could stimulate lipid production in a
short time (7 days). Because lipid content was measured in the
exponential growth phase, possibly the lipid content in P.
cruentum might be enhanced if the cultures are harvested in the
stationary growth phase.

Protein synthesis in P. cruentum was stimulated at the high-
irradiance levels (200 pmol photons m 2 s~ '). Our values of
protein obtained were lower than others under different cul-
ture conditions (28 to 39%), measured as percentage of dry
weight (Becker 2007). Generally, the hydro-soluble protein
content increases during exponential growth; during station-
ary growth, nitrogen becomes limited, decreasing protein syn-
thesis and thus reducing the amount of soluble protein that is
available for metabolic processes (Matos-Moura et al. 2007).

@ Springer
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The samples of P. cruentum cultures were collected in the
exponential growth phase, and the lower protein content be-
tween culture conditions could be attributed to the protein ex-
traction method as was mentioned by Safi et al. (2014), whom
isolated hydro-soluble proteins with 2 N NaOH at pH 12. We
considered that ultrasonication could have increased the cell
disruption and thus the protein extraction. The protein content
in future studies should also be quantified based on total nitro-
gen per the Kjelndahl method (APHA 1971). Protein extraction
by manual grinding affects the amount of proteins that is quan-
tified and has disparate yields (Safi et al. 2014). In other work
with P. cruentum, the protein content ranges from 24.8 to 90%,
and the content depends on the extraction method. The efficien-
cy of protein extraction improves from manual grinding,
followed by ultrasonication, chemical grinding, and high-
pressure homogenization (Safi et al. 2014).

The differences in growth rate and biochemical composition
of P. cruentum using various chemical forms of nitrogen are
attributed to the finding that microalgae prefer ammonia over
nitrate to conserve the energy of the eight electrons that are
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Fig. 5 Photosynthetic curves measured as relative electron transport
(rETR) of Porphyridium cruentum cultures maintained under two irradi-
ances (50 and 200 pmol photons m * s™') and two nitrogen sources
(ammonium: NHy and nitrate: NOs). Values with lowercase letters indi-
cate significant differences between irradiances. Capital letters indicate
significant differences between nitrogen sources by two-way ANOVA
and Tukey a posteriori test, « = 0.05: a > b and A > B. Mean values +
SD,n=3

needed to reduce nitrate (South and Whittick 1987;
Miller and Castenholtz 2001). Also, concentrations of
ammonia over 0.5 to 1.0 uM can inhibit nitrate absorp-
tion (Darley 1987). The growth rate and proximal con-
tent of P. cruentum were similar to those of several
microalgae strains that are used widely in aquaculture
(Brown 2002; Muller-Feuga et al. 2007). The high car-
bohydrate and lipid content of P. cruentum allow it to
be used in aquaculture to feed several species of marine
organisms under acclimatization to increase gonad
growth, such as postlarval spiny lobster, mussels, and
oysters, because these stages require an abundance of
carbohydrates and lipids in food (Flaak and Epifanio
1978; Widdows et al. 1979; Williams 2007).

The pigment content of P. cruentum was influenced by the
culture conditions and demonstrates that the nitrogen was

Table 1

used for protein synthesis and consequently increased
pigment-protein complexes in P. cruentum. The rise in
phycopigments in P. cruentum correlates with the increase in
carbohydrate content at low irradiance with nitrate.
Phycocyanin (0.89 pg cell ') and allophycocyanin
(0.61 pg cell ') levels were higher at the low irradiance
(50 mol photons m 2 s~ ') with ammonium. Conversely, phy-
coerythrin production rates were greater when the cells were
maintained at high irradiance (200 pmol photons m 2 sfl)
with ammonium (6.35 mg L' day ' = 0.98 pg cell ! x 6.48
10° cells mL™! x 1000 mL) and nitrate
(2.55 mg L' day ' = 1.03 pg cell”! x 8.48 10° cells
mL " x 1000 mL). Kathiresan et al. (2007) optimized the
growth and phycoerythrin production by P. purpureum by
response surface analysis, reporting phycoerythrin production
0f29.62,6.11, 1.59, and 0.076 g L dayfl, depending on the
concentration of chloride, nitrate, sulfate, and phosphate.
Phycoerythrin production in P. cruentum is 25 mg L' day ™
at pH 7.6 (Lee and Tan 1988), peaking at 49 mg L' day ' for
small-scale semicontinuous indoor cultures (Fabregas et al.
1998). Our phycoerythrin production rates were lower com-
pared to these other groups, perhaps due to differences in
culture conditions, such as steady-state continuous chemostat
culture, medium (nutrient composition and concentration),
temperature, irradiance, and agitation.

The rETR curves and photosynthetic activity were higher
with nitrate at both irradiance levels, whereas the rETRm and
I, were unaffected by irradiance levels. In our study, there
were no differences in photosynthetic efficiency () among
the irradiance levels. The F,/F,, value may be used to study
microalgae cultures, and the values of this parameter varies
from 0.6 to 0.7 for unlimited cultures (Kromkamp and Peene
1999). In our study values of F,/F,, were around 0.30 and no
significant differences were obtained. The values of F,/F,,
obtained in our work were lower compared to other studies
performed in Chaetoceros debilis (0.58), Dicrateria inornata
(0.45), or Platymonas subcordiformis (0.5) (Qi et al. 2013). In
red algae, the presence of phycobilisomes in the light-

Photosynthetic parameters: photosynthetic efficiency (), irradiance of saturation (Iy.), maximun relative electron transport rate (rETRm), and

maximum quantum yield of photosystem II (F,/F.,) of Porphyridium cruentum cultures maintained under 2 irradiances (50 and 200 pmol photons

m?2s and?2 nitrogen sources (ammonium: NHy and nitrate: NO;)

Irradiance o (O, photonfl) Ik (mol photons m > sfl) rETRm (umol electrons Fy/Fm
mZsh
NH4 NOs NH,4 NO; NH,4 NO; NH,4 NO;
50 0.07 £0.01 0.11 £0.00 459.04 £47.88 55929 +34.80  33.13+£6.73 56.77 £3.01 0.361 +0.02 0.304 £0.05
aB aA aA aA aB aA aA aA
200 0.06 £0.01 0.11 £0.01 641.17+13.75 45836 +37.09  32.67+7.75 4827+0.35 0.308 = 0.02 0.249 £0.01
aB aA aA aA aB aA aA aA

Values with lowercase letters indicate significant differences between two irradiances. Capital letters indicate significant differences between two
nitrogen sources (two-way ANOVA and Tukey a posteriori test, o = 0.05: a > b and A > B. Mean values £+ SD, n = 3)
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Table2  Values of F critical and probability obtained from two-way ANOVA statistical test from the variables measured with Porphyridium cruentum
cultures maintained under two irradiances (50 and 200 pmol photon m > s') and two nitrogen sources (ammonium: NH, and nitrate: NO3). Italic values

indicate significant differences on the statistical test realized

Variables Irradiances Nitrogen sources Interaction by irradiance and nitrogen
F value P value F value P value F value P value
Growth rate (p) 80.1595 0.0000 0.9110 0.3678 4.4452 0.0630
Cell size 27.8569 0.1254 86.5197 0.0000 1.6314 0.2105
TDW 0.3365 0.5778 26.0292 0.0009 1.1669 0.3115
ODW 3.3579 0.1042 8.9475 0.0173 0.0107 0.9201
ASH 0.0952 0.7655 9.3145 0.0158 0.7725 0.4051
Proteins 26.9938 0.0008 3.4876 0.0988 8.1653 0.0212
Carbohydrates 31.2798 0.0014 0.7773 0.4119 3.5927 0.1068
Lipids 24.6112 0.0042 8.8023 0.0313 32.4824 0.0023
Chlorophyll a 9.3052 0.0158 19.3725 0.0023 9.6334 0.0146
Carotenes 1.4438 0.2639 18.9506 0.0024 1.8188 0.2144
Phycocyanin 0.8445 0.3936 38.4707 0.0008 12.2677 0.0128
Allophycocyanin 0.3371 0.5867 11.0317 0.0210 11.8814 0.0183
Phycoerythrin 30.1863 0.0015 1.4457 0.2745 4.0992 0.0893
rETR 3.4458 0.0726 11.1541 0.0097 8.0269 0.0183
loa 1.8039 0.2161 55.9947 0.0001 1.5214 0.2524
Iy 3.9022 0.0836 4.0341 0.0795 47.4227 0.0001
rETRm 2.1045 0.1849 40.2899 0.0002 1.6892 0.2299
Fy/Fr 2.8370 0.1300 3.2220 0.1100 0.0010 0.9750

TDW total dry weight, ODW organic dry weight, »ETR relative electron transport rate, o photosynthetic efficiency, /; irradiance of saturation, rE7TRm
maximum relative electron transport rate and maximum quantum yield of photosystem II (F,/F,,)

harvesting system may lead to obtain lower values of F,/F,,
than those obtained in green or brown algae (Figueroa et al.
2013). However, the chemical form of nitrogen—ammonium
and nitrate—altered photosynthetic activity. The size of P.
cruentum cells was lower under the same culture conditions
that increased the photosynthetic efficiency (nitrate at both
irradiances levels). In these treatments, the rETR value was
higher and the chlorophyll content in lower irradiance was
higher than in treatments with high irradiance. It is possible
that higher cell density, in treatments with nitrate and low
irradiance, elicited a self-shading effect due to the increment
in cell concentration—i.e., the package effect—resulting in a
direct effect on light absorption due to a combination of pho-
tosynthetic pigments and cell size (Geider and Osborne 1992;
Kirk 1994). Conversely, in treatment with high irradiance and
nitrate as nitrogen source, the rETR value and photosynthetic
efficiency was higher, but the chlorophyll content was lower.
This response can be due to an adaptation of P. cruentum cells
to high availability of light. Therefore, there is no need to
produce high concentrations of chlorophyll. The photosyn-
thetic apparatus can adapt to irradiance and photoperiod (in-
cluding light-shade adaptation) (Falkowski and Owens 1980;
Raven and Geider 2003). Villafafie et al. (2005) found that P.
cruentum 1is affected by solar ultraviolet radiation (280—
400 nm and 315400 nm) in the short term but can acclimate

@ Springer

quickly to high irradiances, adjusting their photosynthesis but
not growth rate.

The irradiance level and chemical nitrogen form in-
creased the content of several chemical products in P.
cruentum, such as chlorophyll a, carotenoids, phycocy-
anin, phycoerythrin, and allophycocyanin. Thus, our ex-
perimental culture conditions can be used to improve
biomass production in P. cruentum and synthesize pig-
ments, carbohydrates, and lipids for use in cosmetology,
pharmacology, and feed production (Arad and Yaron
1992; Spolaore et al. 2006; Ruiz-Ruiz et al. 2013;
Razaghi et al. 2014).

In conclusion, irradiance level and chemical nitrogen
form modify the growth and proximate composition of
P. cruentum cultures. For aquaculture applications, P.
cruentum can be cultured with ammonium and irradiance
of 50 pumol photons m > s~' due to this growth condition
increases the nutritional value—Ilipid and carotenoid con-
tent—of P. cruentum when used as feed. On the other
hand, if the interest is to obtain phycoerythrin—the most
coveted pigment in Rhodophyta—for applications in bio-
technology, food, and cosmetology industries, it is recom-
mended to use nitrate and irradiance of 200 pmol photons
m % s ! because this growth condition elevates the content
of this pigment in P. cruentum.
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