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A B S T R A C T

In recent years, interest in the chemical composition of algae, and the art of farming them, has grown due to their
nutritional and health benefits. Species of Leathesia collected from nature have pharmaceutical properties, such
as antitumor, antiviral, antioxidant and cytotoxic activity. Accordingly, their culture under controlled conditions
is fundamental for the sustainable maintenance of natural populations. In this study, the biochemical con-
stituents of L. marina: organic matter, alginate, total carbohydrate, protein content, pigments, polyphenols,
antioxidant activity and the composition of elements, were analyzed, and the best culture conditions, such as
seawater temperature and nutrient concentrations for the sporophytic and gametophytic phases, were de-
termined. In that way, we evaluated the best fit of the abiotic conditions for their growth, controlling the fertility
on the gametophyte and their long-term storage. The biochemical composition of the L. marina sporophyte
varied according to the extraction method used. L. marina showed a relatively low carbohydrate and protein
content, but a high polyphenol content and antioxidant activity. In the culture experiments, zygote and spore
densities were significantly influenced by nutrient concentrations. The best survival conditions for gametophytes
and sporophytes were at 8 °C and at 1 PES; however the growth of the sporophytes was greater than that of the
gametophytes. The gametophytes could be maintained in latency under controlled conditions for 18months.
Gametogenesis suppression was observed at 8 °C in a 12:12 h L/D regime. In this study, we emphasize the need to
know about both the biochemical composition of L. marina for industrial use and the optimal conditions for L.
marina culture in order to establish an adequate controlled population management.

1. Introduction

Macroalgae are biologically important elements of worldwide
marine systems for ecosystem functioning, aquaculture, and down-
stream industries [1]. Consumption of seaweeds has been reported for
over three thousand years, predominantly in Asia where seaweeds are
prized for their nutritional and health benefits [2]. In addition, the
recent interest in culturing seaweed as food, fertilizers, biofuel, and
bioactive compounds is well known [3].

Several studies have focused on the nutritional value of seaweeds
through the biochemical content in order to explore their possible use
as sources of protein, carbohydrate, lipid, fatty acid, minerals and
pigments [4–6]. Also, many benefits of seaweed extracts exist because
they contain bioactive substances like polyphenols with anti-bacterial,
anti-fungal and anti-viral properties [7]. However, they are still under-

exploited and have not reached their full application potential [3].
Among brown algae, the Leathesia species are known to be sources

of secondary metabolites. The presence of high contents of bromophe-
nols [8,9], phlorotannins [10] and sulphated polysaccharides [11] have
been recorded in different species. These compounds have antitumor
and antioxidant activity and have also proved to be selective antiviral
agents against herpes simplex virus (HSV) types 1 and 2 and human
cytomegalovirus. Moreover, the extracts of Leathesia have shown to
have in vitro trypanocidal, leishmanicidal and antimycobacterial ac-
tivities [12].

Leathesia marina (Lyngbye) Decaisne has a typical heteromorphic
life cycle, alternating between microscopic branched filaments (game-
tophyte phase) and macroscopic erect stages (sporophyte phase)
[13,14]. Seaweeds with heteromorphic life cycles exhibit a high degree
of independence and differentiation between the different phases. Each
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phase has unique ecological and evolutionary constraints and must be
able to survive and/or reproduce under different resource and en-
vironmental conditions [15].

Many seaweed species rely on microscopic stages to survive periods
of environmental stress and they produce new macroscopic stages when
conditions improve [16,17]. For example, microscopic gametophytes of
species of Laminariales can divide and grow under suboptimal condi-
tions, being able to survive 16–20months in complete darkness, and
they start to reproduce when optimal conditions return [18,19].

The study of the survival of early post-settlement phases of spores
and zygotes of macroalgae is critical for the successful establishment of
algal populations. Abiotic variables, such as seawater temperature, ra-
diation and nutrient concentrations, affect settlement and recruitment
and therefore the dynamics of natural populations of algae [20].
Moreover, early mortality post-settlement could be the bottleneck in
successful recruitment for many algae [21,22]. The adjustment of
growing conditions for Leathesia cultures would be fundamental in
providing macroalgal biomass for biotechnological purposes, avoiding
the overexploitation of natural populations. Despite the potential of L.
marina in applied phycology fields, currently there are no published
data on culturing methods and optimal culture conditions.

In the present study, the biochemical composition of the L. marina
sporophyte was analyzed in order to assess its potential use as a source
of bioactive compounds. Hence, experiments were carried out to de-
termine the organic matter, alginate, total carbohydrate and protein
content, polyphenols, antioxidant activity and element composition.
Moreover, the best controlled conditions for its cultivation were es-
tablished, evaluating the effects of three variables: temperature, nu-
trient concentrations and incubation time for both the sporophytic and
gametophytic phases. The culture experiments were performed in order
to identify the best conditions for (i) growth, survival and storage of
sporophytes and gametophytes and (ii) fertility control of gametophytes
and their long-term storage. This study brings important findings that
are helpful in speeding up the life cycle and providing knowledge for
the possible use of L. marina as new, novel food and antioxidant
sources.

2. Materials and methods

Leathesia marina samples were collected on the east coast of Nuevo
Gulf, located on the Patagonian coast (42°46′32.57″S–62°59′23.49″W).
In this temperate Patagonian zone, L. marina has a heteromorphic life
cycle alternating between a diploid sporophytic phase and a haploid
gametophytic phase (Fig. 1). The sporophytes are found at the lower
intertidal zone during the summer months, whereas the gametophytes
are found in the winter months [23].

2.1. Chemical composition and antioxidant activity of L. marina

The chemical analysis was performed on the macroscopic spor-
ophyte phase, as it represents the highest biomass in respect to the
microscopic phase. All determinations were performed in triplicate.
First, 50 g of fresh alga were oven-dried to constant weight at 60 °C to
determine the dry weight; then they were burnt at 500 °C in an electric
furnace to determine the ash weight. The percentage of organic matter
was calculated by subtracting the ash weight from the algal dry weight.

For total carbohydrate estimation, two extractions were tested fol-
lowing the method proposed by Andrade et al. [24]. 250mg of freeze-
dried alga was ground and immersed in 15mL of Milli-Q water and
stirred for 24 h. Then it was centrifuged at 21 °C (10,000g) for 20min.
Another sample of 250mg was immersed in 15mL of 5% KOH and
stirred for 24 h at room temperature. After that, the algal material was
separated from the supernatant by centrifugation (4 °C, 10,000g for
20min). Total carbohydrates were quantified in both extracts following
the method of Dubois et al. [25].

The pretreatment and extraction procedures for quantification of

the alginate were based on McHugh [26]. 5 g of dried, ground and
sieved algal sample was mixed with 160mL of formaldehyde solution
(0.4% w/w) under constant stirring for 30min. The solutions were
drained off, and the algae were washed with distilled water. Then, the
algae were put in contact with 160mL 0.1 N HCl for 2 h. These washing
treatments are necessary to remove phenolic compounds and clarify the
biomass [27]. The extraction was conducted with 110mL 2% Na2CO3

for 5 h at 60 °C. The viscous mixture was filtered to separate the solid
residue and the alginate solution. The alginate was precipitated with
ethanol (1:1 v/v) and dried at 60 °C. The solid residue was washed
exhaustively with deionized water and then dried as well. For the
second extraction, the residue was again kept in contact with 160mL
2% Na2CO3 for 5 h at 60 °C and the alginate precipitation was again
accomplished. The alginate yields were calculated as a weight percen-
tage (% w/w), based on the initial dry weight of the alga.

The total protein extraction procedure was based on Barbarino and
Lourenco [28]. 50mg of ground freeze-dried algal sample was im-
mersed in 4mL of Milli-Q water for 12 h at 4 °C. After the incubation
period, it was centrifuged at 4 °C, 10,000g for 20min, the supernatant
was collected and kept at 4 °C and the pellet was re-extracted with
2.0 mL of 0.1 N NaOH for 1 h. Then, it was centrifuged at 4 °C, 10,000g
for 20min. The second supernatant was combined with the first one
and the pellet was discarded. Aliquots from these extracts were used to
perform the protein quantification by the Lowry method [29]. A part of
the extracts obtained previously was also used for protein precipitation
following Berges et al. [30]. Cold 25% trichloroacetic acid (TCA) was
added in a proportion of 2.5:1 (TCA:supernatant). Tubes containing
TCA and protein were incubated in an ice bath for 30min and then
centrifuged for 20min at 4 °C (10,000g). The supernatant was discarded
and the pellet was washed with cold 10% TCA and then centrifuged
again. The pellet that formed after the second centrifugation was sus-
pended in 5% TCA at room temperature, in a proportion of 5:1 (5%
TCA:precipitate) and centrifuged at 21 °C (10,000g) for 20min. The
pellets were stored at−20 °C until further analysis. Precipitated protein
was resuspended in 2.0mL 0.1 N NaOH and quantified by the Lowry
assays.

Two extraction solvents were tested for pigment estimation, namely
80% acetone and DMSO, based on Vimala and Poonghuzhali [31].
Chlorophyll a and total chlorophyll content were calculated in mg/g
dry alga using the equations derived by Arnon [32] as follows:

= −−aChlorophyll (μg mL ) [12.7 (A ) 2.69 (A )]1
663 645

= +−Total chlorophyll (μg mL ) [20.2 (A ) 8.02 (A )]1
645 663

Chlorophyll c1+ c2 content was determined using the following
equation as per Jeffrey and Humphrey [33]:

+ = +−c1 c2Chlorophyll (mg g ) [24.36 (A ) 3.73 (A )]1
630 664

The amount of carotenoid was estimated by the method of Kirk and
Allen [34]:

= + × − ×−Carotenoids (mg g ) [A (0.114 A ) (0.638 A )]1
480 663 645

The amount of fucoxanthin was estimated using the equation of
Seely et al. [35]:

= − + − ×

−

−Fucoxanthin (mg g ) [A 1.239 (A A 0.3 A )

0.0275(A )]/141

1
470 631 581 664

664

where A=Absorbance at a particular wavelength, V=Total vo-
lume of the pigment extract, W=Weight of the sample used for ex-
traction.

Total phenolic content of the methanolic extracts (3 g of freeze-
dried algal sample in 10mL of 80% methanol) and the aqueous extracts
(3 g of freeze-dried algal sample in 17.5 mL of Milli-Q water), were
tested spectrophotometrically at 760 nm using the Folin-Ciocalteu
method [36]. A standard curve with gallic acid solution ranging from
10 to 280 μgmL−1 was used for calibration. The total phenolic content

A.M. Poza et al. Algal Research 33 (2018) 379–388

380



was expressed as μg gallic acid equivalents per mg of dry alga
(μg GAEmg−1 dry alga).

The antioxidant activity of methanolic extract was estimated using
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method. The reaction mix-
ture was prepared by adding 250 μL of extract to 3mL of methanolic
solution of DPPH radical with an absorbance equal to 1 at 517 nm [37].
The mixture was stirred and allowed to stand for 30min at room
temperature in the dark. The absorbance of the resulting solution was
measured at 517 nm. The percentage inhibition of the DPPH radical of
the samples was calculated according to the following equation:

= ⎡
⎣⎢

− ⎛
⎝

− ⎞
⎠

⎤
⎦⎥

Scavenging effect (%) 100x 1
Asample Ablank

Acontrol

where Acontrol is the absorbance of the control (DPPH solution without
sample), the Asample is the absorbance of the test sample (DPPH so-
lution plus test sample), and the Ablank is only the absorbance of the
sample (sample without DPPH solution). The sample concentration
providing 50% inhibition (IC50) was obtained by plotting the inhibition
percentage against the extract concentrations. The total antioxidant
activity was expressed as the vitamin C equivalent antioxidant capacity
(VCEAC).

To determine the presence of different elements on sporophytes of L.
marina, fragments of the thallus were fixed in 2.5% glutaraldehyde
containing 0.01M sodium cacodilate (pH 7.2) buffer at 5 °C for 2 h.
Subsequently, three washes in buffer sodium cacodylate 0.005M were
performed for 10min each. The fixed portions were dehydrated in
acetone following the protocol by Cáceres [38]. Finally, the samples
were dried at critical-point for 1 h and coated with gold in a Sputter
Coater 9100 mod.3 according to Sorrivas de Lozano and Morales [39].
Samples were observed under a scanning electron microscope (SEM)
Leo Evo 40 (Jena, Germany) equipped with the OXFORD X- Max50

Energy Dispersive X-ray microanalysis (EDX) system (Oxford Instru-
ments, Abingdon, Oxfordshire, UK).

2.2. Culture assays of L. marina

The gametophytes were obtained from a culture of spores formed in
reproductive structures on sporophytes collected in the wild.
Previously, these sporophytes were brushed and rinsed with sterile

filtered (0.2 μm) seawater to remove epiphytes and sediment.
The sporophytes were obtained from zygotes from stock gameto-

phytic cultures (C.15). These stocks had been maintained in seawater
since 2015 under controlled temperature and nutrient conditions, i.e.
8 °C and 2mL·L−1 Provasoli culture medium (PES).

All culture experiments were performed in 2.5 cm diameter Petri
dishes with PES, containing 2mm2-fertile fragments of sporophytes or
gametophytes on a 1.5 cm2-coverslip. Attached zygote and spore de-
velopment was monitored on the coverslips. The light (L)/dark (D)
regime was 12:12 h with an irradiance of 25 μmolm−2 s−1 provided by
cool white fluorescent tubes. The irradiance was monitored using a
Quantum Flux meter (Apogee MQ-200, USA).

To determine the optimal growth and survival of spores and zy-
gotes, a factorial experiment was carried out on the sporophytic and
gametophytic phases to evaluate four nutrient concentrations and three
incubation temperatures. In order to evaluate the effect of nutrient
concentrations on survival and growth of spores and zygotes, PES
concentrations added to the seawater were drastically reduced or in-
creased. Four nutrient concentrations, namely 0, 0.1, 1 and 10 times the
concentrations suggested by Oliveira et al. [40] (2mL PES/L), were
evaluated during the 10-day incubation period. The incubation at each
nutrient concentration was performed by triplicate and was exposed at
8 °C, 16 °C and 24 °C. These two variables were evaluated every two
days over a period of 10 days of incubation, considering the time as a
third variable. The culture medium was refreshed every two days in all
cases. In previous culture experiences the formation of reproductive
structures was observed after 15 days of incubation, and so in all cases
the time of experimentation did not exceed 10 days so as to avoid the
formation of gametangia and sporangia.

Thalli survival was measured by counting the live individuals in an
area of 3 cm2 using a Nikon Eclipse TE 300 microscope (Tokyo, Japan)
equipped with a Nikon FDX 35 camera. Counts were conducted using
400× total magnification. The vegetative growth was measured by
counting the number of germling cells. The measurements of survival
and vegetative growth were performed every two days.

2.2.1. Fertility control on gametophyte
In order to test the gametogenesis, gametophytes were cultivated in

seawater enriched with PES (2mL PES/L) at 8 °C, 16 °C and 24 °C with

Fig. 1. Sporophyte and gametophyte phases of the het-
eromorphic life cycle of L. marina. a. Macrothalli or
sporophytic phase in nature. Scale bar= 1 cm. b. young
gametophyte born of a mature sporophyte. Scale
bar= 10 μm. c. Microthalli or gametophytic phase in
culture. Scale bar= 30 μm. d. young sporophyte born of
a mature gametophyte. Scale bar= 10 μm.
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12:12 h L/D and an irradiance of 25 μmolm−2 s−1 provided by cool
white fluorescent tubes. Plurilocular gametangia were counted in
fragments of 2mm2 from 20 gametophytes from each incubation tem-
perature. Counts were performed using a light microscope at 400×
magnification.

2.3. Statistical analyses

To evaluate the difference in chemical composition of L. marina
depending on the solvent of extraction, a Student's t-test was used
(unpaired two-sample t-test). The statistical program R Studio (Team
2016) was used at a 0.05 significance level.

For evaluation of the settled spore and zygote density (n° spores/
zygotes/3 cm2), a generalized linear model with a binomial negative
error distribution (GLM.nb) was used as a traditional method for
handling overdispersed Poisson. The analyses were performed using a
“MASS” package in R [41].

For survival analysis, series of generalized linear mixed models
(GLMM) with a binomial error distribution were used. All GLMMs were
performed with “lme4” package in R [42]. For the evaluation of sur-
vival in relation to incubation times, temperatures and nutrient con-
centrations, additive and interaction models were considered. The
model was selected according to the Akaike's information criterion
(AIC), where the smaller AIC is the model that best fits the data. In this
case, the additive model had the lower AIC.

For fertility analysis, Zero-inflated Poisson (ZIP) was used because
of most of the gametophytes incubated at 16 °C did not have any ga-
metangia. The analyses were performed using a “pscl” package in R
[43].

The vegetative growth was analyzed with linear mixed-effects
models since the light was plentiful during the experiment and the
nutrients were periodically replenished, so the absolute growth rate
was not expected to slow down during the study period. The additive
and interaction models were tested. The additive model had the lower
AIC. The linear mixed-effects models were determined using the max-
imum likelihood (ML) estimation with a “nlme” package in R [44]; the
varPower function to control the heteroscedasticity effect and good-
ness-of-fit with Pseudo-R2 for models was estimated with a “piecewi-
seSEM” package in R [45].

In all the analyzes, significant differences between treatments are
indicated by different letters using Tukey's Honest Significant
Difference test (HSD) using a “multcomp” package in R [46].

3. Results

3.1. Biochemical properties and antioxidant activity of L. marina

L. marina showed carbohydrate contents of 19.9 ± 2.4 and
16.9 ± 2.3mg (mean ± SE) of carbohydrate/100 mg of organic
matter for KOH and aqueous extract, respectively. No significant dif-
ferences were observed in the carbohydrate content between the two
extraction types (Table 1). The content of alginate was 15.55 ± 1.10%.
Protein content in crude extracts showed higher values than those ob-
tained from precipitated samples, being 1.01 ± 0.06% (Table 1).

The main photosynthetic pigments, i.e. chlorophyll, carotenoid and
fucoxanthin, presented a better extraction with 80% acetone than
DMSO; except for chlorophyll c1+ c2, which presented no significant
differences between the two types of extraction (Table 1). Chlorophyll a
(chl a) was the most abundant pigment, followed by carotene (Cart) and
chlorophyll c1+ c2 (Chl c1+ c2). The pigment recorded at the lowest
concentration was fucoxanthin.

The highest level of phenolic content was observed in aqueous ex-
tract with 0.99 ± 0.04mg GAE/g (Table 1). It was only possible to
measure the DPPH radical scavenging activity in the methanolic extract
because the aqueous extract in contact with DPPH -methanol solution
formed a precipitate. The extract concentration required to reduce the

initial DPPH concentration by 50% (IC50) was 16.9 mg/mL. And the
radical scavenging activity expressed as vitamin C equivalent was
17.44 ± 0.61mg VCE/100 g of dry algae.

The EDX spectra revealed the presence of different elements, such as
Cu, Na, Ca, S, Mg, and Si, on the external surface of the L. marina cell
walls. Al and Fe were found in very low proportion. The presence of
gold corresponds to the gold coating, necessary for observation in a
scanning electron microscope (SEM) (Fig. 2).

3.2. Culture assays of L. marina

3.2.1. Spores and zygote settlement
Gametes developed on gametophytes were released after 24 h of

incubation and they settled approximately 48 h after the fusion.
However, the spores developed on sporophytes were released after 12 h
of incubation and settled after 36 h, indicating a faster recruitment of
the sporophytic phase. The densities of both zygotes and spores were
significantly influenced by the nutrient concentrations (Table 2).
However, the temperature had no influence on zygote and spore set-
tlement. At all temperature and nutrient concentrations, the number of
spores settled (44 ± 9 spores) was higher than the number of zygotes
settled (21 ± 2 zygotes). The highest numbers of spores settled were
recorded at concentration 1 PES (52 ± 25 spores) and the zygotes at

Table 1
Biochemical characteristics of L. marina sporophyte (percentage of dry weight,
ash, organic matter, total carbohydrate, alginate, protein, pigment, polyphenol
contents) and antioxidant activity (DPPH radical scavenging activity). Data
represent the mean of three replicates ± S.E. (n= 3). Student's t-test was used
to evaluate the difference in chemical composition of L. marina depending on
the solvent of extraction; df, degrees of freedom; p-value (< 0.05), probability.
Abbreviation: Chlorophyll (Chl), carotenoids (Cart), dry sample (DS).

Biochemical
characteristics

Solvent Mean ± SE Statistic (t) df p-value

Dry weight (%) 70.53 ± 0.69
Ash 41.79 ± 1.38
Organic matter

(%)
29.46 ± 0.69

Total
carbohy-
drates (mg/
100mg
organic
matter)

Water 16.9 ± 2.3 ‐0.89 4 0.4192
KOH extract 19.9 ± 2.4

Alginate (%) 15.55 ± 1.10
Proteins (%) Water 1.01 ± 0.06 3.70 4 0.0207

Precipitated
with TCA

0.53 ± 0.12

Pigment
Chl a (mg/g
DS)

DMSO 0.14 ± 0.008 21.63 4 < 0.0001
80% acetone 0.46 ± 0.013

Total Chl a+ b
(mg/g DS)

DMSO 0.16 ± 0.009 23.42 4 < 0.0001
80% acetone 0.53 ± 0.014

Chl c1+ c2
(mg/g DS)

DMSO 0.11 ± 0.016
80% acetone 0.17 ± 0.019 2.48 4 0.0693

Cart (mg/g DS) DMSO 0.15 ± 0.009 26.40 4 < 0.0001
80% acetone 0.36 ± 0.005

Fucoxanthin
(mg/g DS)

DMSO 0.002 ± 0.001 28.06 4 < 0.0001

80% acetone 0.006 ± 0.001

Total polyphenols
(mg GAE/g
DS)

Water 0.99 ± 0.04 10.61 4 0.0004
80%
methanol

0.51 ± 0.02

Radical
scavenging
IC50 (mg/mL)

80%
methanol

16.96 ± 0.66

VCEAC (mg VCE/
100 g DS)

80%
methanol

17.44 ± 0.61
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10 PES (31 ± 6 zygotes). The lowest numbers of zygotes settled were
obtained in cultures free of PES (12 ± 2 zygotes) and the spores at a
concentration of 0.1 PES (14 ± 5 spores) (Fig. 3).

3.2.2. Survival of sporophytes and gametophytes
Significant differences were observed in the survival of sporophytes

and gametophytes; i.e. 42.4 ± 7.82% and 52.14 ± 7.19%, respec-
tively (Table 2).

The survival of sporophytes was influenced by incubation time and
seawater temperature, whereas, the effect of nutrient concentrations
was not significant (Table 2). However, the survival of gametophytes
was affected by incubation time, temperature, and nutrient con-
centrations.

The variable incubation time affected the survival of both spor-
ophytes and gametophytes negatively since a decreased survival was
observed as the incubation time progressed. The maximum survival of
both sporophytes and gametophytes was observed after 2 days of in-
cubation (reaching values of 90.9 ± 1.2% and 98.2 ± 10.3%, re-
spectively) and the minimum after 10 days, showing a survival of
48.22 ± 4.2% and 52.25 ± 6.27%, respectively. An abrupt decline in
survival was observed at the beginning of the fourth day of experi-
mentation (Fig. 4). At each time of experimentation evaluated, the
gametophyte survival was greater than the sporophytes (Fig. 4).

The optimal temperature for survival of the sporophytes and ga-
metophytes was 8 °C, reaching values of survival of 51.74 ± 5.10%
and 58.2 ± 6.3%, respectively. The lowest survivals for both spor-
ophytes and gametophytes were recorded at temperatures of 16 °C,
i.e.43.76 ± 3.53% and 44.2 ± 6.14, respectively and 24 °C, i.e.
39.93 ± 2.07%, 42 ± 9.28%, respectively (Fig. 5).

The different nutrient concentrations showed significant differences
on gametophyte survival (Table 2). The highest survival was recorded
at concentration 1 (PES) with 64.9 ± 4.7% and the lowest survival was
seen in the cultures free of PES, with 37.81 ± 5.64% (Fig. 6).

3.2.3. Growth of sporophytes and gametophytes
The absolute growth rate for sporophytes at different temperatures

and nutrient concentrations is shown in Table 3. Both temperature and
nutrient concentration variables had a significant effect on vegetative
growth. The sporophytes growing at 24 °C showed faster growth, while
the sporophytes incubated at 8 °C had a lower growth rate. The highest
growth was recorded at concentrations of 1 PES and 10 PES, while the
lowest growth was observed in the cultures without any PES (Table 3).

The absolute growth rate for gametophytes at different tempera-
tures and nutrient concentrations is also shown in Table 3. Both the
temperature and nutrient concentration variables had significant effects
on the growth rate. The thalli incubated at 8 °C and 16 °C had a faster
growth rate than the gametophytes incubated at 24 °C·The gameto-
phytes incubated at 1 PES and 10 PES concentrations had the highest
growth, while the lowest growth was observed in the cultures without
any PES and 0.1 PES (Table 3).

Significant differences in growth were observed for both gameto-
phytes and sporophytes; the sporophytes reached a higher growth rate
than the gametophytes (Table 3).

3.2.4. Maintenance of gametophytes under controlled culture conditions
Incubation time and the seawater temperature affected the game-

togenesis. Therefore, these microscopic prostrate gametophytes were
maintained in latency under controlled culture conditions for a long

Fig. 2. SEM-EDX analysis of sporophyte of L. marina: external surface. Scale bar= 100 μm.

Table 2
Summary statistics GLM.nb analysis testing the temperature and nutrient con-
centrations on density of settled spores and zygotes (n° spores/zygotes/3 cm2),
and relationship between both zygote and spore densities. GLMM analysis
testing the effects of incubation time, temperature and nutrient concentrations
on survival in sporophyte and gametophyte of L. marina and the relationship
between survival of sporophytes and gametophytes. ZIP analysis testing the
effects of incubation temperature on plurilocular gametangia number. df, de-
grees of freedom, p values (< 0.05), probability.

df Statistic (χ2) p-value

GLM.nb
Zygotes vs spores 1 15.21 <0.0001
N° spores
Nutrient concentrations 3 8.32 0.039
Temperature 2 0.52 0.7684

N° zygotes
Nutrient concentrations 3 16.42 <0.0001
Temperature 2 2.31 0.3165

GLMM
Sporophyte vs gametophyte survival 1 7.45 0.006
Sporophyte survival
Time 4 1560.7 <0.0001
Temperature 2 45.471 <0.0001
Nutrient concentrations 3 0.1406 0.9866
Time+Temperature 6 444.81 <0.0001

Gametophyte survival
Time 4 606.52 <0.0001
Temperature 2 45.471 <0.0001
Nutrient concentrations 3 19.009 <0.0001
Time+Temperature+Nutrient 9 766.35 <0.0001

ZIP: Microthalli stage.
Plurilocular gametangia number
Temperature 1 76.92 <0.0001
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time. Suppression of the gametogenesis process was observed at 8 °C,
in12:12 h L/D and a concentration of 2ml PES/L. Under this condition,
the gametophytes were maintained for 18months with weekly re-
placement of the culture medium without any formation of plurilocular
gametangia. Nevertheless, the gametogenesis process was stimulated by
raising the temperature to 16 °C and 24 °C. Under these new conditions
a clear formation and development of gametangia was observed. After
20 incubation days at both temperatures, significant differences in the
number of plurilocular gametangia were observed, i.e. 25.4 ± 12.23
gametangia on 58.74mm2 of microthallus were formed at 24 °C, while
at 16 °C, the number of gametangia was significantly lower and only
2.3 ± 1.15 on 58.74mm2 of microthallus.

4. Discussion

Seaweeds, considered as a food source for their nutritional value,
have also been linked to the prevention and/or treatment of different
diseases related to oxidative stress, an aspect that has served as a
guideline for research into its antioxidant properties [47–49]. For this
reason, the biochemical properties of L. marina were analyzed using
different extraction methods and solvents. Sporophytes of L. marina
from Patagonian coasts showed a low organic matter percentage and
total carbohydrate content in comparison to other brown algae, e.g.
Cystoseira trinodis (Forsskål) C·Agardh, Sargassum dentifolium (Turner)
C. Agardh and Sargassum asperifolium Hering & G. Martens ex J. Agardh
[50]. However, Macrocystis pyrifera (L) C. Agardh and Undaria pinnati-
fida (Harvey) Seringar, which also inhabit the Patagonian coasts and
which showed a total carbohydrate content similar to that found in L.

marina [5].
Algins/alginates extracted from brown seaweed are dietary poly-

saccharides and are not found in any land plants. These are available in
both acid and salt forms. It has been reported in the literature that the
alginates lead to a decrease in the concentration of cholesterol, exert an
anti-hypertension effect, can prevent absorption of toxic chemical
substances, and play a major role as dietary fiber for the maintenance of
animal and human health [51,52]. The alginate yield determined in this
study was similar to those found for M. pyrifera and U. pinnatifida from
the Patagonian coasts, ranging between 10 and 30% dry weight [5].
Seaweed protein content differs according to the species and phyla, also
depending on factors such as season, geographic distribution, seawater
temperature, nutrient concentrations, salinity, harvesting time and
even the population [53,54]. Brown seaweed protein content is gen-
erally small, with an average of 3–15% dry weight [55]. The value
found in L. marina is lower than the average; however, it was similar to
the brown alga U. pinnatifida from the Patagonian coasts [5]. Mabeau
and Fleurence [56] suggest that the high phenolic content in brown
seaweed species might limit protein availability in vivo and thus
moderate in vitro. This limitation is not found in the green and red
seaweeds, which possess low levels of phenols and higher protein
contents. For example, a protein content of 35% dry matter was re-
ported for Palmaria palmata (Linnaeus) F. Weber & D. Mohr and 44%
dry matter for Ulva spp. [57]. Concerning the pigment content in
chlorophylls, chlorophyll a (chl a) is a major pigment in L. marina.
Chlorophyll a is essential in the reaction centre of the thylakoid, light-
harvesting structures in which photosynthesis is carried out [58,59]. It
is known that Chlorophyll is converted into pheophytin,

Fig. 3–6. Culture assays of L. marina. Fig. 3. Effect of nutrient concentration on density of zygotes and spores settled. Error bars show standard errors. Fig. 4. Effect of
incubation time on the survival of sporophytes and gametophytes. Fig. 5. Effect of incubation temperature on the survival of sporophytes and gametophytes. Fig. 6.
Effect of nutrient concentration on the survival of sporophytes and gametophytes. Significant differences (α < 0.05) are indicated by different letters using Tukey's
Honestly Significant Difference (HSD). Letter in black compares zygotes settled/sporophyte and letter in gray compares spores settled/ gametophyte.
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pyropheophytin and pheophorbide in processed vegetable food and
following ingestion by humans. These derivates show antimutagenic
effects and may play a significant role in cancer prevention [60]. The
brown seaweeds are particularly rich in carotenoids that are char-
acterized as powerful antioxidants, preventing human pathologies
linked to oxidative stress [61,62].

L. marina showed a content of carotenoids similar to Padina gym-
nospora (Kützing) Sonder [63], and an average content of fucoxanthins
similar to those found in Sargassum polycystum C.Agardh, Turbinaria
conoides (J.Agardh) Kützing and Hydroclathrus clathratus (C.Agardh)
M.Howe [31].

Algal polyphenols have been highly regarded for their important
dietary roles as antioxidants and chemopreventive agents, as anti-
microbial and antiviral activities [64]. L. marina showed a high total
phenolic content in the aqueous extract, similar to other brown algae,
such as Desmarestia confervoides (Bory) M.E. Ramírez & A.F Peters
(previously known as Desmarestia viridis) and Dictyopteris divaricata
(Okamura) Okamura [65]. In relation to the DPPH radical scavenging
assay, the sample concentration necessary for providing 50% inhibition
DPPH was 16mg/mL and the radical scavenging activity expressed as
vitamin C equivalent was 17.44 ± 0.61mg VCE/100 g of dry algae.
Similar 50% inhibition DPPH was reported in extract concentrations of
Dictyota ciliolata Sonder ex Kützing [66].

Several studies on brown algae population dynamics have focused
on processes regulating survival, growth and the fertility of different
life cycle stages [67–69]. Abiotic factors, such as seawater temperature,
nutrient concentrations and light requirements, are known as regulators

of seaweed development and phenology [70–72]. In this study, we
analyse how abiotic factors, such as temperature and nutrient con-
centrations, affect the development of L. marina under culture condi-
tion. These studies are fundamental for establishing optimal conditions
for controlled cultures, whose regulation is essential for the manage-
ment of the L. marina life cycle.

Early post-settlement of spore and zygote survival derived from the
sporophytes and gametophytes was critical for the successful estab-
lishment of benthic populations. Spore and zygote settlement occurred
after 24 to 48 h of incubation and their densities were favoured by high
nutrient concentrations, but they were not influenced by temperature.
However, seawater temperature had a clear effect on survival and
growth on subsequent incubation days. These results demonstrated that
L. marina endures a wide range of temperatures, and low nutrient
concentrations limited spore and zygote settlements.

PES culture medium contains high nitrogen and phosphorus con-
centrations, along with micronutrients and vitamins. In temperate
coastal areas, it is assumed that inorganic N and P availability is the
main control for macroalgal growth [73–76]. Amsler and Neushul [77]
found that brown algae motile spores, such as Macrocystis pyrifera and
Pterygophora californica Ruprecht, responded to a variety of inorganic
and organic nutrients, where the spore chemotaxis can actively detect
microhabitats that are nutritionally favourable for their development.
This could explain the higher density and survival of spores and zygotes
in treatments with higher concentration of nutrients.

Even though the germlings of L. marina survived at the three tem-
peratures tested (8 °C, 16 °C and 24 °C), the optimal survival

Table 3
Statistical data for vegetative growth of sporophyte and gametophyte of L. marina were analyzed with linear mixed-effects models, contrasting the slopes for the
treatments of temperature and concentration of nutrients. The lineal model was determined using maximum likelihood (ML), varPower function to control the
heteroscedasticity and a goodness-of-fit statistics for linear mixed-effects models (Pseudo-R2). df, degrees of freedom; p-value (< 0.05), probability. Significant
differences between treatments are indicated by different letters using Tukey's Honestly Significant Difference (HSD).

Sporophyte

Model: N°cell~Time:Temperature+Time:Nutrient concentrations (Pseudo-R2= 0.99)

Temperature (°C) Growth rate (mean ± SE) df Statistic (F) p-value HSD

8 1.12 ± 0.09 162 18.58 < 0.0001 b
16 1.46 ± 0.13 a
24 1.77 ± 0.13 a

Nutrient concentrations
0 1.16 ± 0.10 162 176.81 < 0.0001 b
0.1 1.31 ± 0.11 ab
1 1.58 ± 0.14 a
10 1.75 ± 0.15 a

Gametophyte

Model: N°cell~Time:Temperature+Time:Nutrient concentrations (Pseudo-R2= 0.98)

Temperature (°C) Growth rate (mean ± SE) df Statistic (F) p-value HSD

8 0.92 ± 0.06 162 16.72 < 0.0001 a
16 0.86 ± 0.07 a
24 0.61 ± 0.05 b

Nutrient concentrations
0 0.70 ± 0.23 162 161.66 < 0.0001 b
0.1 0.72 ± 0.36 b
1 0.99 ± 0.27 a
10 0.89 ± 0.39 a

Comparison between gametophytic vs sporophytic stage

Growth rate (mean ± SE) df Statistic (F) p-value HSD

Sporophyte 1.36 ± 0.07 346 191.84 < 0.0001 a
Gametophyte 0.90 ± 0.05 b
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temperature for spores and zygotes was the lowest one. Macroalgal
species of temperate climates with heteromorphic life cycles, such as L.
marina, exhibit a broad “performance breadth” and typically grow in
environments with large fluctuations in seawater temperature. The
tolerance of L. marina to low and high temperatures could lead us to
consider it a eurythermal species [18]. Eurythermal seaweed growth
typically correlates with the local temperature regime [78]. Here, we
have found differences in optimal growth for sporophytes and game-
tophytes. The sporophytes not only grew faster than gametophytes, but
they also presented a different optimal temperature. The highest
growth of sporophytes was at warm temperatures, whereas the highest
growth of gametophytes was at cold ones. This was also observed in
Myriotrichia clavaeformis Harvey which has a winter gametophytic
phase and a summer sporophytic phase [79]. This reflects the capacity
of heteromorphic life phases to exploit different ecological niches by
being adapted to environments that differ in terms of temperature, light
levels and nutrient concentrations [80–82]. Other species, such as Ec-
tocarpus crouaniorum Thuret and Ectocarpus siliculosus (Dillwyn)
Lyngbye, also present gametophytes and sporophytes that occupied
different spatio-temporal niches. The gametophytes were found as
epiphytes on the alga Scytosiphon lomentaria (Lyngbye) Link during
spring whereas sporophytes were present all year-round on abiotic
substrata [83]. Therefore, the optimum tolerance for the algal popu-
lations in the wild is influenced by the local conditions where they live.
On the Patagonian coast, the macroscopic phase of L. marina was found
during eight months corresponding to the warm season, whereas the
microscopic gametophytic phase was found during colder months [23].

Temperature also affects the gametophytic phase permanence -
fundamental for the sporophytic phase recruitment and hence, key in
controlling variability in the populations [84]. The microscopic game-
tophytes of L. marina could be stored for a long time at 8 °C without any
initiation of the gametogenesis process. The formation of reproductive
structures was only initiated at high temperatures. The same behavior
has also been reported in other brown algae, such as Glossophora kunthii
(C. Agardh) J. Agardh and Dictyota dichotoma (Hudson) J.V. La-
mouroux, where low temperatures inhibited the formation of re-
productive structures [85,86].

Increases or decreases of nutrient concentrations caused differences
in the growth and survival rates. According to Carney and Edwards
[71], nutrient limitation generates a delay in development and inhibits
reproduction. In this study, the young gametophytes and sporophytes
presented lower growth rates in cultures without or with low PES, but
they were favoured at high PES concentrations. However, sporophytes
survival was not affected significantly by nutrient concentrations. These
results demonstrate that young sporophytes were more resistant to
unfavourable nutrient concentrations.

In this study, we emphasize the need to know about the biochemical
composition of L. marina for its use in the industry and the optimal
culture conditions in order to establish controlled management of its
life cycle. The maintenance of gametophytes in latency under con-
trolled conditions for a long time enables protection of the natural
populations, avoiding overexploitation.
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