
The pigments of kelps (Ochrophyta) as part of the flexible
response to highly variable marine environments

Fátima Fernandes1 & Mariana Barbosa1 & Andreia P. Oliveira1 & Isabel C. Azevedo2 &

Isabel Sousa-Pinto2,3 & Patrícia Valentão1 & Paula B. Andrade1

Received: 11 March 2016 /Revised and accepted: 27 May 2016 /Published online: 7 June 2016
# Springer Science+Business Media Dordrecht 2016

Abstract Macroalgae drive the biodiversity and functioning of
many shallow benthic ecosystems. Besides their key role in
coastal ecosystems, they are rich sources of a wide variety of
unique molecules with high impact in food science, pharma-
ceutical industry and public health. Carotenoids and chloro-
phylls present in three kelp species—Laminaria ochroleuca,
Saccharina latissima and Saccorhiza polyschides—were deter-
mined by high-performance liquid chromatography coupled to
a diode array detector. The effect of different harvesting times,
depths and growth conditions (wild vs. aquaculture) on pigment
qualitative and quantitative profiles was assessed. Stipes, blades
andwholemacroalgae were studied. In spite of the considerable
variability observed amongst all samples, fucoxanthin was ev-
idently the main carotenoid. Overall, the relative contents of
carotenoids were significantly higher than those of chloro-
phylls. In addition, the cultivation of macroalgae in an integrat-
ed multi-trophic aquaculture system appears to increase pig-
ment levels. Altogether, the results demonstrate the complexity
of the influence of species-specific and environmental factors
on pigment composition and reinforce that macroalgae cultiva-
tion systems may provide an interesting approach to optimize
the production of some valuable metabolites.
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Introduction

Macroalgae comprise an abundant and heterogeneous group of
marine photosynthetic organisms that generally occur in com-
plex habitats and are often exposed to fluctuating environmen-
tal conditions. Within brown macroalgae (Ochrophyta), kelps
play a key role in cold-temperate coastal ecosystems, providing
shelter and serving as food for a variety of species (Steneck
et al. 2002). They are also an economically important human
resource with a vast array of applications in different industrial
branches, such as food, textiles and pharmaceuticals. Owing to
their rich polysaccharide composition and the current demand
for clean, non-fossil-fuel-based energy production, kelps have
been thrown into the limelight as potential sources of biofuels
(i.e. bioethanol; Smale et al. 2013; Kostas et al 2016).

Although it is true that bioprospecting of marine sources has
provided some structurally unique marine products, the search
for new biologically active compounds can be considered an
almost unlimited field. Amongst the great chemical diversity,
chlorophylls and carotenoids are the main classes of pigments
found in brown algae (Bianchi et al. 1997). The photosynthetic
machinery of algae usually hosts two photosystems (PS I and
PS II), which are connected via the electron transport chain
(Hurd et al. 2014). Chlorophyll a serves as a primary photore-
ceptor, whereas chlorophyll c acts as an accessory pigment to
chlorophyll a, not only by enhancing the light-harvesting prop-
erties but also by replacing chlorophyll a in PS II (Hamid et al.
2015). The light-harvesting complexes of brown algae also
contain carotenoids, which play important roles as accessory
pigments or as structural molecules that stabilize protein
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folding in the photosynthetic apparatus (Takaichi 2011).
Chemically, carotenoids are classified into xanthophylls (oxy-
genated compounds) and carotenes (nonpolar hydrocarbons).
They derive from the polymerization of isoprene units to form
regular and highly conjugated C40 structures (tetraterpenes) via
the mevalonate and 1-deoxyxylulose 5-phosphate/2-C-
methylerithrytol 4-phosphate pathways (Kumari et al. 2013;
Zorofchian Moghadamtousi et al. 2014).

Besides their key role in oxygenic photosynthesis, both carot-
enoids and chlorophylls have been described as powerful anti-
oxidants, and their beneficial effects are well documented (Stahl
and Sies 2003; Lanfer-Marquez et al. 2005; Subramoniam et al.
2012; Zorofchian Moghadamtousi et al. 2014; Gammone et al.
2015). The presence or absence of certain pigments and their
relative content also provide useful information regarding the
possible acclimation or photoprotection responses of an organ-
ism (Schubert et al. 2006). In fact, kelp growth and survival
depend enormously on their chemical repertoire to mediate in-
teractions with continuous environmental fluctuations (e.g. light
availability, water surface temperature, salinity and nutrients) and
with other organisms (Stengel et al. 2011). Previous studies have
shown that, in response to tidal cycles and seasonal variations,
kelps are able to adjust their metabolism by optimizing their
chemical composition (e.g. levels of pigments; Henley and
Dunton 1995; Aguilera et al. 2002; Gerasimenko et al. 2011).
Additionally, the strong morphological thallus differentiation ex-
hibited by most of the kelps has already been shown to be trans-
lated into significant variability in photosynthetic pigments
(Gómez et al. 2005; Wang et al. 2013; Schmid and Stengel
2015). Therefore, it is not surprising that pigment levels vary
considerably according to light environment (Colombo-Pallota
et al. 2006); however, the combined influence of several other
external and species-specific factors (e.g. thallus age, metabolic
activity and physiologic function) can also deeply influence the
overall pigment composition (Gómez and Wiencke 1998;
Stengel et al. 2011).

This work attempts to help in identifying and systematizing
the effects of different parameters in algal chemical profiles,
improving the chances for production of algal-derived biologi-
cally active compounds. For this, the pigment composition of
three kelp species (Laminaria ochroleuca Bachelot de la Pylaie;
Saccharina latissima (Linnaeus) C.E. Lane, C. Mayes, Druehl
& G.W. Saunders; and Saccorhiza polyschides (Lightfoot)
Batters), two perennial and an annual species, respectively, col-
lected along the Portuguese Northern Coast and from cultivation
in an integratedmulti-trophic aquaculture (IMTA) system, and at
sea, at different depths was studied. Although S. polyschides is
not a true kelp of the order Laminariales (being a Bpseudo-kelp^
of the order Tilopteridales), it is treated here as such because it
serves a similar ecological function and can be the dominant
canopy-forming macroalgae along large stretches of the
Northeast Atlantic coastline (Smale et al. 2013). To the best of
our knowledge, the results of the chemical characterization of

macroalgae are currently limited to the analysis of wild material.
As cultivation becomes more widespread, there is a need to
expand knowledge on this material (Schiener et al. 2015).

The main objectives of this work were then (1) to evaluate
the effect of cultivation at different depths and harvest periods
on the carotenoid and chlorophyll profiles of kelps; (2) to
compare the pigment composition of wild and cultivated
kelps; and (3) to assess the accumulation of pigments in dif-
ferent algal tissues. For pigment analysis, high-performance
liquid chromatography (HPLC) coupled to a diode array de-
tector (DAD) was employed.

Materials and methods

Standards and reagents

Standards of fucoxanthin (≥95.0 %), β-carotene (≥95.0 %)
and chlorophyll a, as well as acetone, butylated hydroxytolu-
ene (BHT), ethanol (EtOH) and methyl tert-butyl ether, were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Standards of violaxanthin (95.0 %) and zeaxanthin (97.0 %)
were obtained from CaroteNature (Lupsinggen, Switzerland).
Standards of chlorophyll c2 (99.9 %) and pheophytin a
(90.0 %) were from LGC Standards (Manchester, NH,
USA). Methanol (MeOH) and tetrahydrofuran (THF) were
from Merck (Germany).

Stock solutions

Stock solutions of fucoxanthin, violaxanthin and zeaxanthin
were prepared individually in EtOH; the solution of β-
carotene was prepared in THF and those of chlorophyll a,
pheophytin a and chlorophyll c2 in acetone. BHT was added
to all standard solutions (final concentration, 0.05 %), which
were kept at −20 °C until use.

Biological material

Themacroalgae specimens analysed in this studywere obtained
from different sources (Table 1). The wild specimens of
Laminaria ochroleuca, Saccharina latissima and Saccorhiza
polyschides were collected in the rocky shores of Praia Norte
(41°41′49″N, 8°51′08″W), Amorosa (41°26″N, 8°49′22″W)
and São Bartolomeu do Mar (41°34′24″N, 8°47′57″W) at
different seasons. The specimens cultivated at sea (S. latissima)
were grown in vertical longlines of Póvoa de Varzim (41°22′
21″N, 8°46′13″W). These sites are located in Northern
Portugal, where the sea surface temperature (SST) ranges from
around 11 °C in the winter to around 22 °C in the summer and
coastal upwelling events are present, with maxima from July to
September (Fiuza et al. 1982; Lemos and Pires 2004).
Concerning macroalgae cultivated in vertical longlines, they
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were deployed in February and sampled in July, from 5-, 10-
and 15-m depths, when SST was 15.2 °C, decreasing to 15,
14.4 and 13.8 °C at 5-, 10- and 15-m depths, respectively
(unpublished data). Light intensities measured at those depths
were around 780, 550 and 360 μmol photons m−2 s−1,
respectively. Specimens cultivated in a pilot land-based
installation (L. ochroleuca, S. latissima and S. polyschides), as
in Abreu et al. (2011), were grown in outdoor tanks, tumbling in
the water column, from January to April at an initial density of
2 kg m−2, under water temperatures ranging from 13–14 °C in
January to 13.5–16 °C in April. Light intensity at the tanks
surface ranged from 500 to 2000 μmol photons m−2 s−1 over
the cultivation period, depending on cloud cover.

After collection, macroalgae were immediately transported
to the laboratory in insulated, sealed cool boxes to prevent
alterations, where they were thoroughly washed with a saline
solution (3.5 % NaCl) to remove epiphytes and encrusting
material. Each sample corresponds to a pool of ten individuals
in the same stage of development: five were studied as whole
individuals and the other five split into blades and stipes in
order to assess pigment content in those tissues separately. All
samples were kept at −20 °C prior to their lyophilisation in a
Virtis SP Scientific Sentry 2.0 apparatus (Gardiner, NY, USA).

The dried material was powdered (<910 μm) and kept in the
dark, in a desiccator, before use.

Extract preparation

Extracts were prepared with approximately 1 g of each dried
macroalga, using 20 mL of acetone with 0.05 % BHT, under
the following conditions: 15 min of sonication followed by
45 min of stirring maceration (600 rpm) at room temperature.
Each sample was extracted three times. The obtained extracts
were combined, filtered under vacuum and evaporated at re-
duced pressure (Rotavapor R-215, Büchi Labortechnik,
Switzerland) until complete dryness. The dried extracts were
kept at −20 °C and protected from light until analysis.

HPLC-DAD analysis

Briefly, the dried residue of each algae extract was redissolved
in MeOH Lichrosolv, sonicated, filtered through a 0.45-μm
size pore membrane (Millipore) and then analysed on an ana-
lytical HPLC unit (GilsonMedical Electronics, France) accord-
ing to the procedure previously described by Oliveira et al.
(2015). Spectral data from all peaks were collected in the range

Table 1 Details of macroalgae samples

Sample Species Tissue Origin Date of collection

Lo_W_N_Oct12 L. ochroleuca Whole Praia Norte October 2012

Lo_B_N_Dec12 L. ochroleuca Blades Praia Norte December 2012

Lo_S_N_Dec12 L. ochroleuca Stipes Praia Norte December 2012

Lo_W_N_Dec12 L. ochroleuca Whole Praia Norte December 2012

Lo_B_SBM_Jan13 L. ochroleuca Blades São Bartolomeu do Mar January 2013

Lo_S_SBM_Jan13 L. ochroleuca Stipes São Bartolomeu do Mar January 2013

Lo_W_SBM_Jan13 L. ochroleuca Whole São Bartolomeu do Mar January 2013

Lo_B_SBM_Jun13 L. ochroleuca Blades São Bartolomeu do Mar June 2013

Lo_B_Am_Apr13 L. ochroleuca Blades Amorosa April 2013

Lo_W_IMTA_Jan13 L. ochroleuca Whole IMTA January 2013

Lo_B_IMTA_Apr13 L. ochroleuca Blades IMTA April 2013

Sl_B(d5)_PV_Jul12 S. latissima Blades (5-m depth) Sea cultivation, vertical longlines off Póvoa de Varzim July 2012

Sl_B(d10)_PV_Jul12 S. latissima Blades (10-m depth) Sea cultivation, vertical longlines off Póvoa de Varzim July 2012

Sl_B(d15)_PV_Jul12 S. latissima Blades (15-m depth) Sea cultivation, vertical longlines off Póvoa de Varzim July 2012

Sl_W_Am_Jan13 S. latissima Whole Amorosa January 2013

Sl_W_IMTA_Jan13 S. latissima Whole IMTA January 2013

Sl_B_IMTA_Apr13 S. latissima Blades IMTA April 2013

Sl_W_IMTA_Apr13 S. latissima Whole IMTA April 2013

Sp_W_N_Jan13 S. polyschides Whole Praia Norte January 2013

Sp_W_IMTA_Jan13 S. polyschides Whole IMTA January 2013

Sp_B_IMTA_Apr13 S. polyschides Blades IMTA April 2013

Sp_S_IMTA_Apr13 S. polyschides Stipes IMTA April 2013

Sp_W_IMTA_Apr13 S. polyschides Whole IMTA April 2013
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of 200–700 nm, and chromatograms were recorded at 450 nm.
The data were processed on a Unipoint System software
(Gilson Medical Electronics). The compounds were identified
by comparing their retention times and UV–Vis spectra in the
range of 200–700 nmwith those of authentic standards injected
under the same chromatographic conditions.

For quantification purposes, 20 μL of each algal extract
was analysed under the same analytical conditions. Peak pu-
rity was checked by the software contrast facilities. Pigment
quantification was achieved by the absorbance recorded in the
chromatograms relative to external standards. All compounds
were quantified as themselves, excepting the cis isomers of
fucoxanthin (2 and 3), which were quantified as fucoxanthin
(1), and pheophytin a (7) and chlorophyll c derivatives (9 and
10), determined as chlorophyll a (6).

Statistical analysis

All the analyses were performed in triplicate and mean values
are reported. The pigment content of the samples was com-
pared by one-way analysis of variance (post hoc Tukey) using
IBM SPSS Statistics for Windows version 23.0 (Armonk, NY,
USA). Differences at p < 0.05 were considered statistically
significant.

Results and discussion

General overview of photosynthetic pigment composition

The analytical methodology employed in this work allowed
the determination of six carotenoids, comprising five xantho-
phylls (1–5) andβ-carotene (8), as well as of chlorophyll a (6)
and of its demetalated derivative, pheophytin a (7) (Fig. 1).
Compounds with chlorophyll c-like UV–Vis spectrum were
also detected in some samples, being labelled as chlorophyll c
derivatives (9 and 10) (Fig. 1).

The pigment composition varied considerably amongst the
analysed kelps (Table 2). However, as expected, fucoxanthin
(1), the chemotaxonomic marker of Ochrophyta (Takaichi
2011), was found in all samples, along with its cis isomers (2
and 3). Fucoxanthin (1), firstly isolated from marine brown
macroalgae of the genera Fucus, Dictyota and Laminaria
(Willstätter and Page 1914), represents more than 10 % of the
total carotenoids in nature (Peng et al. 2011). Besides playing a
central role in macroalgae as a component of the light-
harvesting complex for photosynthesis and photoprotection,
this xanthophyll also displays promising effects in human
health (Peng et al. 2011; Ibañez and Cifuentes 2013).
Amongst the carotenoids detected in this work, fucoxanthin
(1) was the dominant one, its relative content ranging from
4.3 up to 82.4 % of all quantified pigments.

Total pigment concentrations ranged between 34.99 and
689.21 mg kg−1 of dry algae (Table 2). The lowest pigment
levels were presented by whole-specimen samples of
S. latissima from Amorosa beach, collected in January 2013
(Sl_W_Am_Jan13), whereas samples of whole specimens of
S. polyschides grown in the IMTA system, and collected also
in January 2013 (Sp_W_IMTA_Jan13), exhibited the highest
amounts of photosynthetic pigments.

Variations of the pigment composition of L. ochroleuca,
S. latissima and S. polyschides from different harvesting
periods and origins

In their natural habitats, macroalgae grow in exceptionally di-
verse and dynamic light climate, which is the most important
and also one of the most complex abiotic factors affecting these
organisms (Hurd et al. 2014). Factors other than light, such as
SST to which macroalgae are subjected in the normal course of
the seasons, can also influence their metabolism and, conse-
quently, their chemical composition (Andersen et al. 2013;
Martins et al. 2014; Olischläger et al. 2014; Boderskov et al.
2015). The ability to acclimate and adjust photosynthesis and
growth to the rapid changes in light and temperature regimes
may rely on different strategies (e.g. pigment composition plas-
ticity), as a prerequisite for macroalgal life under seasonal
changes (Andersen et al. 2013; Martins et al. 2014). One of
the many outcomes of this study was the identification of sig-
nificant seasonal variations in the photosynthetic pigment com-
position of the analysed kelps. L. ochroleuca, collected at Praia
Norte in October 2012 (Lo_W_N_Oct12) and December 2012
(Lo_W_N_Dec12), exhibited considerable differences in both
qualitative and quantitative pigment profiles: zeaxanthin (5)
and β-carotene (8) were found only in the whole-specimen
samples collected in October (Lo_W_N_Oct12), which also
presented significantly higher levels of chlorophyll c derivative
(10) (Table 2). Still, L. ochroleuca blades from São Bartolomeu
do Mar, harvested in January 2013 (Lo_B_SBM_Jan13) and
June 2013 (Lo_B_SBM_Jun13), showed even greater differ-
ences: the last contained nearly twice the levels of pigments,
amongst which carotenoids corresponded to 56.1 % of the total
quantified ones (Table 2). In fact, the specimens collected in
June were exposed to higher light intensity and longer photo-
period, along with increasing seawater temperatures, than the
ones collected in January, as in this region of the globe June
coincides with the end of spring and the beginning of summer.
Overall, these results point to the occurrence of some kind of
photoprotective mechanism in the algae that deflects energetic
resources to pigment biosynthesis, ensuring the ecological suc-
cess of the species (Goss and Jakob 2010).

Regarding kelps cultivated in IMTA, total pigment contents
were generally higher (Table 2). Some qualitative differences
were also noticed, although with less significance. Comparing
the whole individuals of each studied macroalgae species from
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wild natural stocks and IMTA, with identical sampling period,
some observations can be highlighted. For L. ochroleuca, the
cultivated macroalgae (Lo_W_IMTA_Jan13) exhibited almost
1.4 times more pigments than the wild macroalgae from São
Bartolomeu do Mar (Lo_W_SBM_Jan13). In S. latissima, the
differences were even higher. Cultivated macroalgae
(Sl_W_IMTA_Jan13) displayed almost 4.2 timesmore pigments
than wild S. latissima collected at Amorosa (Sl_W_Am_Jan13).
Significantly higher pigment contents were also detected in
S. polyschides from the IMTA system (Sp_W_IMTA_Jan13):
almost 4.1 times more than in the macroalgae collected at Praia

Norte (Sp_W_N_Jan13). Although these results could immedi-
ately imply that algae cultivation in a pilot-scale land-based sys-
tem provides higher levels of photosynthetic pigments than those
from wild natural stocks, such assumption would prove to be
tendentious.Most likely, the differences found for pigment levels
and composition are the result of the combined influence of
several ecological conditions under which a species persists in
its natural habitat and also of the small-scale conditions experi-
enced within the IMTA system (e.g. nutrient loading, light pen-
etration and local interactions between co-cultured species;
Barrington et al. 2009; Azevedo et al. 2016). Nevertheless, the
use of IMTA arises as a sustainable approach for macroalgae
production that allows a higher control over biomass yield,
chemical composition and epiphytes by manipulating some key
factors (Azevedo et al. 2016). Future fully controlled experiments
are needed to elucidate the relative influences of both biotic and
abiotic parameters.

Pigment distribution within thalli

Many macroalgae, particularly the kelps, display strong mor-
phological thallus differentiation, which has been shown to
translate into biochemical gradients (Küppers and Kremer
1978; Stengel et al. 2005; Connan et al. 2006; Schmid and
Stengel, 2015).

The kelps selected for this study are economically impor-
tant and edible macroalgae species, with potential to be pro-
duced sustainably through commercial aquaculture, namely
S. latissima (Marinho et al. 2015). Therefore, the selection
of thallus parts rich in valuable bioactives, such as caroten-
oids, may improve their nutritional value. Pigment composi-
tion of different algal thallus sections, when available, was
assessed in this study. Although it has been previously report-
ed that pigment concentrations are commonly lower in the
meristematic areas of algal thalli (Küppers and Kremer
1978; Schmid and Stengel 2015), such a trend was not ob-
served in the total pigment contents for most of the analysed
algal tissues (Table 2). These contrasting results can be possi-
bly attributed to the high turnover rate of basal structures, such
as stipes, which may compensate better for the detrimental
effects of combined environmental factors (Gómez et al.
2005). The stipes analysed herein exhibited generally higher
chlorophyll relative content than blades, pointing to a high
metabolic activity of this algal tissue. On the other hand, a
dominance of carotenoids was found in blades. Carotenoids
play an important role in the function and structural integrity
of the chloroplast thylakoid membrane, and blades are struc-
turally defined by a much greater density of thylakoid and
mitochondrial cristae per unit volume than stipes (Havaux
1998; Su et al. 2010). Thallus age, metabolic activity and
physiological function, but also location of specific thallus
parts in the water column, support the dynamic in pigment
profiles (Gómez and Wiencke 1998; Stengel et al. 2011).

Fig. 1 HPLC-DAD carotenoid and chlorophyll profiles of acetone
extracts from L. ochroleuca (Lo_W_IMTA_Jan13), S. latissima (Sl_W_
IMTA_Apr13) and S. polyschides (Sp_W_N_Jan13). Detection at 450 nm.
(1) Fucoxanthin; (2) fucoxanthin cis isomer 1; (3) fucoxanthin cis isomer 2;
(4) violaxanthin; (5) zeaxanthin; (6) chlorophyll a; (7) pheophytin a; (8) β-
carotene; (9 and 10) chlorophyll c derivatives

J Appl Phycol (2016) 28:3689–3696 3693
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Variations of the pigment composition of S. latissima
tissues cultivated at different depths

Because environmental parameters change with depth, it is pos-
sible to predict that physiological responses of macroalgae, at a
given moment, should vary along the gradient, resulting in sig-
nificant metabolic changes. Previous reports have shown that the
perennial kelp S. latissima can acclimate to different light and
temperature conditions, within its limits of tolerance, by relying
on different mechanisms, such as regulation of pigment levels
(Davison 1987; Machalek et al. 1996; Andersen et al. 2013;
Heinrich et al. 2015). As described above (BMaterials and
methods^), samples of S. latissima collected in the longlines
cultivated at sea, in July, were subjected to decreasing light
intensities and temperatures with increasing depth.

The total pigment amounts of S. latissima blade samples
(samples Sl_B(d5)_PV_Jul12, Sl_B(d10)_PV_Jul12 and
Sl_B(d15)_PV_Jul12) decreased along depth (5–15 m;
Table 2). Overall, the carotenoid contents were not statis-
tically different (p > 0.05), except for fucoxanthin (1) and
its cis isomer 2 (3) in blades collected at 15-m depth
(Sl_B(d15)_PV_Jul12). Nevertheless, the largest variabil-
ity was observed within chlorophyll pigments: blades har-
vested at 5-m depth (Sl_B(d5)_PV_Jul12) showed higher
chlorophyll amounts than blades from deeper locations.
Studies on photosynthesis and pigment composition under
different temperature and light conditions revealed that
algal acclimation patterns depend on the position of the
photosynthetic tissue in the water column (Colombo-
Pallota et al. 2006, Koch et al. 2016). Therefore, it seems
that the ability of macroalgae to cope with specific or mul-
tiple environmental pressures depends on a combination of
local adaptations.

Conclusions

The chemical profile of an organism, population or commu-
nity provides an alternative source of information to describe
environmental conditions or impacts. Kelps are major primary
producers in coastal ecosystems and well-known natural reac-
tors with a huge metabolic plasticity. The three kelp species
herein analysed appear to be suitable sources of pigments.
Besides the considerable variability observed, the relative con-
tents of carotenoids were generally higher than those of chlo-
rophylls. Moreover, fucoxanthin was the dominant caroten-
oid. The interest in macroalgae as a source of biologically
active metabolites, including carotenoids and chlorophylls, is
steadily increasing. However, issues related to the continuous
supply of macroalgae, and the natural variability that can oc-
cur in the same species and even within different parts of the
same thallus, are a challenge to be overcome in programmes
of marine natural product drug discovery and development.

Our results point to the complexity of the influence of different
external and species-specific factors on pigment composition,
opening doors for the potential use of IMTA systems to opti-
mize the production of high-value chemicals with pharmaceu-
tical and nutraceutical applications.
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