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Chlorophyta) can be triggered by light to reach comparable values
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Abstract The interest in edible sea grapes (Caulerpa
lentillifera) is increasing due to their potentially beneficial
effect on human health. This macroalga, already used for
direct and indirect human consumption, is grown in
aquacultures in Vietnam and The Philippines. Here, the
edible fronds of sea grapes were examined for their
antioxidant activity (AOA) at light intensities from 140 to
300 lmol photons m-2 s-1 and compared to commercially
dehydrated C. lentillifera and the renowned highly
antioxidative fruits Pomegranates (Punica granatum), Goji
(Lycium barbarum and L. chinense) and Aronia (Aronia
melanocarpa) berries, using an ABTS?-assay for all samples. AOA of fronds exposed to 300 lmol photons
m-2 s-1 for 14 days increased by about 320% from the
initial value of 72.2 ± 5.6 to 232.2 ± 34.2 Trolox Equivalents (TE) mmol 100 g-1 dry weight (DW) onto the level
of Pomegranates (272.8 ± 23.0 TE mmol 100 g-1 DW).
This application could be used as a post-cultivation treatment in sea grape cultures to increase the quality and
nutritional value of the product.
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Introduction
While algae are traditionally consumed as sea vegetables in
Asian countries (Fleurence, 2016), the rising global interest
in a healthy diet has increased the popularity of seaweeds.
Especially the edible green macroalga Caulerpa lentillifera, also known as ‘sea grapes’ or ‘green caviar’, is commercially cultured in several South East Asian countries
(especially Vietnam and The Philippines), due to the ease
of propagation, its high growth rate and potential health
benefits (Paul et al., 2014). The thallus consists of a stolon
with rhizoids and the edible fronds with vesiculate ramuli,
evoking the association with caviar (Fig. 1) (Zubia et al.,
2020).
The aquaculture of the benthic seaweed takes place in
tidal ponds and after harvest, the fronds are cleaned and
packed for transport or direct retail while still alive and
photosynthetically active. During culture and storage of C.
lentillifera, suitable light conditions have been shown to be
a crucial factor for the shade-adapted light-sensitive seaweed, with irradiances higher than 100 lmol photons
m-2 s-1 causing physiological stress reactions, reflected in
e.g. lower maximum quantum yields of photosystem II (Fv/
Fm) (Guo et al., 2015; Stuthmann et al., 2020). A smaller
portion of the harvest is dehydrated with brine cure or salt
for preservation before retail (Zubia et al., 2020). The
special texture of sea grapes in combination with low levels
of lipids (Niwano et al., 2009), multiple essential amino
acids, polyunsaturated fatty acids (Saito et al., 2010) and
diverse minerals have increased their popularity, even
though nutritional studies on this organism are still rare.
Furthermore, different preliminary studies have attributed a
naturally high non-enzymatic antioxidant activity (AOA)
to this species (Matanjun et al., 2009; Nguyen et al., 2011;
Paul et al., 2014; Yap et al., 2019). C. lentillifera is rich in
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Fig. 1 Caulerpa lentillifera consists of edible fronds, which are
connected by stolons with rhizoids. Scale bar, 1 cm

ascorbic acid (vitamin C), a-tocopherol (vitamin E)
(Matanjun et al., 2009) and also its polyphenolic content is
decisively correlating with their antioxidant activity
(Nguyen et al., 2011). The essential importance of
antioxidants is based on their ability to defuse reactive
oxygen species (ROS), which are related to the pathogenesis of several human diseases such as diabetes mellitus,
neurodegenerative disorders, cardiovascular diseases and
cancer (Halliwell, 2000; Metodiewa & Kośka, 1999;
Zampelas & Micha, 2015). In photosynthetically active
organisms, the probability of ROS production in chloroplasts is increased during high light stress in the saturation
region of photosynthesis. As a physiological response, the
production of antioxidative compounds is expected to
increase under stress conditions (Ito & Hori, 1989). The
variety of assays and extraction methods to measure
activity of all antioxidants present within cells of an
organism is high and therefore direct comparisons between
studies are difficult. One method commonly used in scientific studies to investigate and quantify the total antioxidant capacity of food sources is the 2,20 -Azino-bis-(3ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay
(Gülçin, 2012). Humans can obtain antioxidants through
their diet, and some food products are especially known for
their rich proportion. Pomegranate (Punica granatum),
Goji or Wolfberry (Lycium barbarum and L. chinense) and
Aronia (Aronia melanocarpa) berries are among those
repeatedly reported as ‘superfruits as a tool to highlight
and promote their bioactive compounds and nutritional
qualities, including their antioxidative activities (Sidhu &
Zafar, 2012). For fruits the term ‘fruit-quality is used
mainly for the appearance and the taste, however, there has
been an association with health benefits when consumed,
mainly linked to antioxidative compounds like ascorbic
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acid (Atkinson et al., 2005). The opportunity to use physiological stress treatments as an opportunity for manipulation of the antioxidant potential of fruits and an inherent
increase of the ‘fruit-quality has been proposed and discussed (Atkinson et al., 2005). However, a successful
manipulation requires a fundamental understanding of the
organisms physiology. The present study was designed to
apply this concept to the sea grape C. lentillifera, making a
first attempt to increase the alga’s quality as food product
by triggering AOA, using irradiances of up to 300 lmol
photons m-2 s-1 over a period of 14 days. Furthermore,
the AOA of experimentally treated sea grapes was compared with the AOA of commercially cultured, purchasable
preserved dehydrated fronds of C. lentillifera, as well as
renowned highly antioxidative fruits like P. granatum, L.
barbarum/L. chinense, and A. melanocarpa.

Material and methods
Sample material
C. lentillifera organisms used in this experiment were
harvested in the Vietnamese sea grape-farm VIJA (Van
Phong Bay, Vietnam) in June 2019 and were transported to
the Marine Experimental Ecology (MAREE) aquaculture
facility of the Leibniz Centre for Tropical Marine Research
(ZMT) in Bremen, Germany. The algae were cultured in
aquaria (130 cm 9 36 cm 9 80 cm) filled with artificial
sea water at constant temperature (25.6 ± 1.3 °C), absolute salinity (SA 34.5 ± 0.4), pH (8.1 ± 0.1) and irradiance (50 lmol photons m-2 s-1). For comparison of the
AOA, different commercial products were acquired in
German supermarkets, namely P. granatum, dried L. barbarum /L. chinense and dried A. melanocarpa berries. Also,
three commercially cultured and dehydrated types of sea
grapes were tested for their AOA (SeA-VIET, Vietnam;
VIJA, Vietnam; UMI, Korea). The dehydrated sea grape
samples were re-hydrated in freshwater prior to the biochemical analysis, following the recommendations of the
retailers.
Experimental set-up
For testing the antioxidant potential in respect to different
light intensities, five levels of irradiances of photosynthetically active radiation (PAR) were chosen: 140, 180,
220, 260 and 300 lmol photons m-2 s-1. The sea grapes
were held in 1 L glass beakers at constant temperature
(24.0 ± 0.5 °C). For each treatment, five beakers containing four C. lentillifera organisms with approximately
2–4 fronds attached to the stolon were placed underneath a
light-emitting diode (LED) bar (SolarStinger Sunstrip
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800 mm, ECONLUX GmbH, Cologne, Germany) radiating
white light in a 12:12 light:dark cycle using the standard
settings. To adjust the different light intensities the irradiances were measured directly at the water surface using a
LI-COR data logger (LI-189, Lincoln, USA). The seawater
was stirred twice a day to evade gradient formation
regarding nutrients and also to maintain a balanced exposure to the light. The seawater was exchanged after 7 days.
Sample preparations and extraction
Fresh and rehydrated C. lentillifera biomass was frozen
(- 80 °C) directly after sampling and freeze-dried for 24 h
at 1 mbar (ALPHA 1–4 LD plus; Christ GmbH, Osterode
am Harz, Germany). The freeze-dried samples were ground
to a powder for 20 s using a benchtop homogenizer (FastPrep-24, MP Biomedicals, Germany). The fruits were
crushed in liquid nitrogen. Sea grapes C. lentillifera and P.
granatum (0.05 g dry weight (DW)), as well as L. barbarum/L. chinense and A. melanocarpa (0.035 g DW) were
dissolved in 1 mL ethanol (70%) and extracted in a water
bath (47 °C) for 4 h, being vortexed hourly. Prior to
analysis, samples were centrifuged (2500 g, 20 °C) for
5 min.
Analysis of AOA
The AOA was determined after a modified ABTS? assay
(Re et al., 1999), also known as Trolox Equivalent
Antioxidant Capacity (TEAC) assay. A stock solution of
2.45 mM ABTS? was obtained by oxidising 7.0 mM
ABTS (Sherman Chemicals, Dorset, UK) with potassium
disulfate for 16 h. By dilution with ethanol (absolute) a
working solution with a consistent photometrically measured (Thermo Scientific Genesys 140/150, Fisher Scientific GmbH, Schwerte, Germany) absorption of 0.7 ± 0.02
at a wavelength of 734 nm was obtained. For analysis,
1 mL ABTS? working solution was added to 10 lL sample
extract and the deradicalization was measured after 6 min.
AOA of the samples was expressed as Trolox Equivalents
(TE mmol 100 g-1 DW).
Statistical analysis
All statistical analyses and the creation of graphics were
conducted using the statistic-software R (Version i386
4.0.2) combined with RStudio (Version 8.3) (R Core Team,
2019). For determination of significant differences, oneway analysis of variance (ANOVA) followed by Tukey’s
honestly significant difference (HSD) tests were conducted.
Quantitative data are presented as mean values with the
respective standard deviation.

Results and discussion
AOA of sea grapes
Following exposure of C. lentillifera fronds to treatment
irradiances (140–300 lmol photons m-2 s-1), an enrichment of antioxidants was observed. The rise of the AOA
was significantly dependent on the applied light intensity
(F = 19.93; p \ 0.001) and also on time (F = 24.08;
p \ 0.001; Fig. 2). C. lentillifera showed an initial value of
72.2 ± 5.6 TE mmol 100 g-1 DW after a cultivation at a
light intensity of 50 lmol photons m-2 s-1. The maximum
AOAs were detected in sea grapes exposed to 300 lmol
photons m-2 s-1 with 169.9 ± 24.5 TE mmol 100 g-1
DW after 7 and 232.2 ± 34.2 TE mmol 100 g-1 DW after
14 days of exposure, translating to an increase of about
320% compared to initial AOA values. The ABTS assay
does not indicate specifically which compounds are
responsible for the antioxidant activity, but sea grapes
cultured under 50 lmol photons m-2 s-1 showed values of
total phenolic content (TPC) of 124.5 ± 25.5 Gallic acid
equivalents (GAE) mg 100 g-1 DW. The TPC values
increased under 14 days exposure to irradiances of 100,
200 and 400 lmol photons m-2 s-1 to 152.6 ± 23.2,
221.9 ± 25.7 and 241.7 ± 85.2 GAE mg 100 g-1 DW,
respectively (Stuthmann et al. in prep., Ascending irradiances increase Antioxidant Activity and Total phenolic
Content and affect photosynthesis of sea grapes (Caulerpa
lentillifera, Ulvophyceae, Caulerpacae)). The simultaneous
increase of AOA and TPC indicates that polyphenolics are
one major group of antioxidative compounds of sea grapes
quantified in this study. The measured AOA was expected
to increase as a reaction of the exposure to irradiances
above the photon saturation limit of photosynthesis and
therefore as a protection against produced ROS (Hajiboland, 2014). The saturation irradiance of shade-adapted
seaweeds, like Caulerpa is in general lower than for other
seaweeds (Garcı́a-Sánchez et al., 2012). The results suggest
that the increase in AOA can be triggered by irradiances of
140 lmol photons m-2 s-1 and higher. However, Kang
et al. (2020) cultured C. lentillifera under ascending irradiances (50, 100, 150 lmol photons m-2 s-1, 16.7%
blue ? 83.3% red spectral distribution) over 12 days and
found similar AOAs for all treatments, with significantly
higher reducing power for C. lentillifera at 150 lmol
photons m-2 s-1. This indicates that an irradiance of
approximately 150 lmol photons m-2 s-1 might be a tipping point. However, despite the steady increase of AOA
with light treatment and exposure time, no saturation
region of the AOA was detectable in this study and
therefore it is assumed that the antioxidant potential of C.
lentillifera fronds could be triggered even higher (Fig. 2).

123

Plant Physiol. Rep.

300

TE [mmol 100g−1 DW]

Fig. 2 Effects of different light
intensities on the antioxidant
activity of Caulerpa lentillifera
fronds expressed as Trolox
Equivalents (TE mmol 100 g-1
dry weight (DW)) applied for 7
and 14 days, respectively
(n = 5–6). Letters indicate
significant differences between
initials and associated 14 days
treatments (one-way ANOVA
followed by Tukey’s HSD,
p \ 0.05)
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The AOAs of the freshly harvested organisms and the
purchased dehydrated sea grapes were similar, indicating
that the post-harvest processing and dehydrating of the sea
grapes did not negatively affect the antioxidative potential
(Fig. 3). However, the light triggered fronds exposed to
300 lmol photons m-2 s-1 for 14 days were significantly
enriched in antioxidants compared to the other sea grape
categories (p \ 0.05, Fig. 3). These results introduce the
possibility for farmers to expose sea grapes before retail or
dehydration to higher light irradiances if an enrichment in
AOA is desired. Overall, the light triggered sea grapes
showed similar antioxidative levels compared to P.
granatum (272.8 ± 23.0 TE mmol 100 g-1 DW,
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14 days

p [ 0.05). L. barbarum/L. chinense and A. melanocarpa
exhibited a significantly higher AOA compared to all
measured sea grape fronds (p \ 0.001), with 408.5 ± 27.6
and 435.9 ± 46.1 TE mmol 100 g-1 DW, respectively.
Intra-study comparisons like this are important, since
methodological parameters, like assay and extraction
method, are varying widely among studies investigating
AOA of C. lentillifera (Matanjun et al., 2008; Nguyen
et al., 2011; Yap et al., 2019) and other food products
(Gülçin, 2012) and direct comparisons between results are
therefore hardly possible. Therefore, this study provides a
unique comparison of C. lentillifera with several ‘superfruits. The competitiveness regarding AOA of C. lentillifera with renowned ‘superfruits in combination with all
the other specific health beneficial compounds (such as

AOA of dehydrated sea grapes and fruits

Fig. 3 Levels of antioxidant
activities of Caulerpa
lentillifera initials and after
exposure to 300 lmol photons
m-2 s-1 for 14 days in
comparison to purchasable dried
sea grapes from farms in
Vietnam (SEA, VIJA) and
Korea (UMI) and the highly
nutritious fruits Pomegranate,
dried Goji berries and Aronia
berries (n = 4–6). Values are
expressed as Trolox Equivalents
(TE mmol 100 g-1 dry weight
(DW)). Letters indicate
significant differences between
associated categories (one-way
ANOVA followed by Tukey’s
HSD, p \ 0.05)
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polyunsaturated fatty acids, proteins etc.) makes this
macroalga an exceptional food, also aiming at a commercial application in both human (as nutraceuticals for novel
food) and animal health (feed additives for e.g. shrimps and
fish in aquaculture approaches). The demonstrated potential of post-harvest manipulations needs closer investigations, but might be a useful and comparatively easy tool for
farmers and retailers to further increase the value of this
seaweed.

Conclusion
The successful increase of sea grapes AOA by exposure to
increased irradiances on the level of ‘superfruit Pomegranate (P. granatum), introduces the possibility to establish light treatments as post-harvest processing before sea
grape dehydration or fresh retail, for example during
cleaning process or transport. To determine the saturation
region of AOA in C. lentillifera, even higher irradiances
need to be applied in further studies.
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