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Abstract
In this study, hypersaline media were used for ocean cultivation of the marine microalga Tetraselmis sp. KCTC12432BP for
enhanced biomass and fatty acid (FA) productivity. Hypersaline media (55, 80, and 105 PSU) were prepared without sterilization
by addition of NaCl to seawater obtained from Incheon, Korea. The highest biomass productivity was obtained at 55 PSU
(0.16 g L−1 day−1) followed by 80 PSU (0.15 g L−1 day−1). Although the specific growth rate of Tetraselmis decreased at salinities
higher than 55 PSU, prevention of contamination led to higher biomass productivity at 80 PSU than at 30 PSU (0.03 g L−1 day−1).
FA content of algal biomass increased as salinity increased to 80 PSU, above which it declined, and FA productivity was highest at
80 PSU. Ocean cultivation of Tetraselmis was performed using 50-L tubular module photobioreactors and 2.5-kL square basic
ponds, closed- and open-type ocean culture systems, respectively. Culturingmicroalgae in hypersaline medium (80 PSU) improved
biomass productivities by 89 and 152% in closed and open cultures, respectively, compared with cultures with regular salinity. FA
productivity was greatly improved by 369% in the closed cultures. The efficacy of salinity shift and N-deficiency to enhance FA
productivity was also investigated. Lowering salinity to 30 PSU with N-starvation following cultivation at 80 PSU improved FA
productivity by 19% in comparison with single-stage culture without N-deficiency at 30 PSU. The results show that salinity
manipulation could be an effective strategy to improve biomass and FA productivity in ocean cultivation of Tetraselmis sp.
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Contamination

Introduction

Despite the many advantages of microalgae over terrestrial
energy crops as feedstocks for biofuels, there are many chal-
lenges that need to be overcome for commercialization of
algal biofuels. Every step in the algal biofuel production pro-
cess needs to be improved. Especially, cultivation plays a

significant role in the economic feasibility and sustainability
of algal biofuels, and improvements in biomass productivity
and fatty acid (FA) content with reduced energy consumption
and production costs are of great interests (Rodolfi et al. 2009;
Norsker et al. 2011; Richardson et al. 2014; Park and Lee
2016). Conventionally, microalgae have been cultivated in
open ponds and photobioreactors (PBRs) based on land. In
recent years, studies on floating culture systems in the ocean
for growing microalgae have increased due to their various
advantages, including availability of large areas, utilization
of waves for culture mixing, thermoregulation by seawater,
easy access to seawater, and use of dissolved nutrients in sea-
water (Wiley et al. 2013; Kim et al. 2015, 2016b, 2016c;
Novoveská et al. 2016; Park and Lee 2016).

In large-scale cultivation, contamination by other
microalgae, bacteria, protozoa, ciliates, viruses, and fungal par-
asites can severely reduce biomass and FA productivity via
various mechanisms (Borowitzka 1999; Hoffman et al. 2008;
Das et al. 2011; Bartley et al. 2013; Fon-Sing et al. 2014;
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Karpov et al. 2014). Being mostly aquatic species, microalgae
require a lot of water for their cultivation. In order to avoid
conflicts with agriculture for freshwater resources, use of sea-
water or wastewater is desired, although it increases chances of
contamination (Carney et al. 2014; Novoveská et al. 2016; Park
and Lee 2016). Sterilization and disinfection by heat, filtration,
sonication, and chemicals are often used in small-scale opera-
tions or for high-value products, but these methods are difficult
to be economically feasible in large-scale algal cultures for
biofuel production. Furthermore, application of such methods
in algal cultures floating on the ocean would be difficult.
Commercialized algal cultures often exploit the ability of some
microalgae to grow under extreme, highly selective culture
conditions, such as cultivation of Dunaliella salina at hypersa-
linity, Arthrospira at high pH, and Chlorella at high nutrient
concentrations (Borowitzka 1999).

Manipulation of culture conditions are also commonly
used to promote accumulation of biochemicals in microalgae.
For example, production of astaxanthin from Haematoccocus
at high light intensity with nitrogen deficiency is a well-
known process (Suh et al. 2006; Kim et al. 2016d). Limiting
nitrogen sources is widely used to induce lipid accumulation.
Lately, improvement of FA productivity by manipulation of
salinity in various algae, such as Dunaliella, Nannochloris,
Nannochloropsis, Navicula, and Tetraselmis, has gained pop-
ularity for its potential efficacy in biofuel production (Takagi
& Karseno 2006; Das et al. 2011; Gu et al. 2012; Bartley et al.
2013; Kim et al. 2016a; Saadaoui et al. 2016). Changes in
culture conditions often lead to reduced biomass productivity
in exchange for accumulation of desired biochemicals; a two-
stage culture strategy has been suggested for algal cultivation
(Das et al. 2011; Su et al. 2011; Gleason et al. 2014). In
Haematoccocus cultures, two-stage cultivation has long been
used since large accumulation of astaxanthin occurs in cyst
cells induced by high light intensity and N-starvation (Suh
et al. 2006; Kim et al. 2016d). Combining N-deficient condi-
tion with a salinity shift to higher salinity could also be used to
increase FA productivity, and such a strategy has been suc-
cessfully applied to Tetraselmis and Scenedesmus (Xia et al.
2013; Ho et al. 2014; Kim et al. 2016a).

For the floating algal cultures in the ocean, preventing con-
tamination by addition of chemicals, heating, filtration, or
sonication is extremely difficult, but exploiting extreme con-
ditions could be feasible due to simplicity of application.
Other studies have shown that Tetraselmis sp. could be culti-
vated in outdoor with minimal contamination using hypersa-
linemedia or frequent harvesting (Moheimani 2013; Fon-Sing
et al. 2014; Fon-Sing and Borowitzka 2016). In this study,
application of hypersalinity in ocean cultivation to prevent
contamination and increase biomass and FA productivity
was investigated. A suitable salinity for a locally isolated
strain of Tetraselmis sp. KCTC12429BP, which genus in-
cludes many halotolerant species, was selected to improve

biomass productivity by preventing contamination and in-
crease FA accumulation (Fon-Sing et al. 2014; Fon-Sing and
Borowitzka 2016; Kim et al. 2016a). The selected salinity was
applied to open- and closed-type ocean culture systems with-
out any sterilization or disinfection measures. The possibility
of two-stage cultivation using salinity shift along with nitro-
gen deficiency was then assessed to improve FA content and
productivity of the microalgae.

Materials and methods

Microalgae and seed culture maintenance The green
microalga Tetraselmis sp. KCTC12432BP in this study was
isolated from natural seawater (NSW) from the ocean test-bed
of Marine Bioenergy R&D Consortium (MBE) at Inha
University in Youngheung Island, Incheon, Korea. The culture
medium used for the maintenance of seed culture was NSW
from Incheon supplemented with modified f/2-Si medium
consisting of 450 mg L−1 of NaNO3, 30 mg L−1 of NaH2PO4,
3.15 g L−1 of FeCl3·6H2O, 4.36 g L−1 of Na2EDTA·2H2O,
180 mg L−1 of MnCl2·4H2O, 22 mg L−1 of ZnSO4·7H2O,
10 mg L−1 of CoCl2·6H2O, 9.8 mg L−1 of CuSO4·5H2O, and
6.3 mg L−1 of Na2MoO4·2H2O without vitamins. The medium
was filter-sterilized (Millipore, pore size 0.22 μm) before use.
The seed cultures were maintained in 400-mL glass bubble
column photobioreactors (BC-PBRs) in a room with tempera-
ture set at 20 ± 1 °C under continuous illumination at a light
intensity of 100 ± 5 μmol photons m−2 s−1 by two 55-W fluo-
rescent light bulbs (FL 18D, OSRAM Korea Co., Korea). The
culture pH was maintained at 8 with aeration of 2% CO2 at
0.1 vvm.

Effect of salinity on fatty acid productivity of Tetraselmis sp.
Effects of four different salinities, 30 (NSW), 55, 80, and
105 PSU, on the growth and FA accumulation of the
microalgae were investigated. Hypersaline media were pre-
pared by addition of 25, 50, or 75 g L−1 of NaCl to NSW from
Incheon without sterilization. The microalgae were cultivated
in 400-mL BC-PBRs under the same light intensity, tempera-
ture, aeration, and nutrition conditions used for the seed cul-
tures. The experiments were performed in duplicates. Cells
were harvested 3 days after depletion of nitrate by centrifuga-
tion at 3000 rpm for 10 min for analyses of FAs in the algal
biomass. The specific growth rates of Tetraselmis sp. at four
salinities were calculated using the following formula:

μ ¼
ln

C2

C1

� �

t2−t1
ð1Þ

where μ is the specific growth rate expressed in day−1 and C2

and C1 are the biomass concentrations of samples collected at
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time t2 (day 2.5) and t1 (day 0), respectively, in g L−1.
Volumetric biomass productivity was calculated for experi-
ments in the lab with BC-PBRs, using the following formula:

VBP ¼ C2−C1

t2−t1
ð2Þ

where VBP is the volumetric biomass productivity expressed
as g L−1 day−1 and C2 and C1 are the biomass concentrations
of samples collected at time t2 (harvest) and t1 (inoculation),
respectively, in g L−1. FA productivity was calculated by mul-
tiplying the volumetric biomass productivity with FA content
of harvested microalgae and expressed in mg L−1 day−1.

Ocean culture systems and operation Using hypersaline me-
dium to enhance biomass and FA productivity of Tetraselmis
sp. in ocean cultivation was evaluated at the ocean test-bed of
MBE located on the nearshore of Youngheung Island (36.23°
N, 126.43° E, Incheon, Korea). The ocean test-bed consisted
of pontoon cubes forming square openings for installation of
culture systems (Fig. 1A). Two different culture systems were
used to cultivate Tetraselmis sp. on the ocean: tubular module
PBRs (TM-PBRs) and square basic floating ponds (SB-Ps) for
closed and open culture systems, respectively.

TM-PBRs made of polyurethane (0.6-mm thick and 80%
light transmittance) were 4.3 m in length and 0.33 m in width.
The working volume was 50 L, and the working area was
1.075 m2 based on a diameter of 0.25 m when inflated. The
TM-PBRs were inflated with air and deployed on the ocean
in 2.5 m × 5-m openings (Fig. 1B). SB-Ps were made of
white, 0.5-mm thick polyvinylchloride tarpaulin sheet in a
square shape with 5.4 m in sides. The SB-Ps were installed
in square openings to make the working area of 16 m2 (4 m ×
4 m), and working volume was 2500 L (Fig. 1C). As the
culture media, NSW was supplemented with the modified f/
2-Si medium that used for seed culture maintenance. For
hypersaline medium, 50 g L−1 of NaCl was added, and both
media with normal and elevated salinity were used without
sterilization or disinfection. The experiments were performed
in duplicate. Areal biomass productivity was calculated for
experiments in the ocean with TM-PBRs and SB-Ps, using
the following formula:

ABP ¼ V C2−C1ð Þ
A t2−t1ð Þ ð3Þ

where ABP is the areal biomass productivity expressed as
g m−2 day−1, V is the volume of culture system in L, A is
the area of culture system, and C2 and C1 are the biomass
concentrations of samples collected at t2 (harvest) and time t1
(inoculation), respectively, in g L−1. FA productivity was cal-
culated by multiplying the areal biomass productivity with
FA content of harvested microalgae and expressed in
mg m−2 day−1.

Effects of shifts to higher or lower salinity on FA productivity
of Tetraselmis sp. The effects of salinity changes on FA pro-
ductivity were investigated in the laboratory using BC-PBRs.
The culture conditions and media were identical to those of
the seed culture maintenance and salinity survey experiments.
Microalgae were cultivated at normal or elevated salinity, and
then cells were harvested by centrifugation at 3000 rpm for
10 min and transferred to fresh media with elevated or normal
salinity, respectively, after nitrogen source were depleted. As
controls, only nitrogen deficiency was applied to algal cul-
tures at normal or elevated salinity. The algal biomass was
harvested by centrifugation at 3000 rpm for 10 min 2 days
after salinity shift for analysis of FAs. The volumetric biomass
productivity was calculated using Formula (2), and FA was
calculated bymultiplying the volumetric biomass productivity
and FA contents, expressed in mg L−1 day−1.

Measurements and analyses of samples and environmental
factors Cell size distributions and concentrations of algal cul-
tures were measured using a Coulter Counter (Multisizer 3,
Beckman Coulter, USA) and converted by Multisizer 3 soft-
ware after diluting samples with an electrolyte solution. Then,
data were exported to an Excel spreadsheet to estimate dry cell
weight (DCW). The correlation between DCWand data from
the Coulter Counter was occasionally confirmed by measur-
ing DCWwith 20 or 500 mL of samples for the laboratory and
ocean experiments, respectively (Kim et al. 2016b). Each
sample was centrifuged at 3000 rpm for 10 min and washed
twice with deionized water to remove residual salts. The
washed pellet was transferred to a pre-dried, pre-weighed cru-
cible and dried at 90 °C overnight. The dried pellet was then
cooled to room temperature in a desiccator cabinet and
weighed. Drying was repeated until the weight of the pellet
did not change.

Fig. 1 Photographs of ocean test-bed of MBE at Youngheung Island
(top), tubular module PBRs (bottom left), and a square basic pond (bot-
tom right)

J Appl Phycol (2018) 30:2725–2735 2727



FA contents of the microalgal biomass were analyzed by
gas chromatography with a flame ionization detector (GC-
FID) (Acme 6000 GC, Young Lin, Anyang, Korea) after
transesterification of FA in the biomass to FA methyl esters.
Detailed methods for the transesterification of FAs and GC-
FID measurements are described elsewhere (Tran et al. 2009).

Salinity of the culture medium was measured using a por-
table conductivity meter (EC-40N, Istek, Seoul, Korea).
Samples with salinities of 80 and higher were diluted with
deionized water before measurements. Nitrate concentration
in the culture media was measured with a UV-Vis after dilut-
ing the cell-free media with 0.1-M HCl (Kim et al. 2016b).
Light intensity of photosynthetically active radiation (wave-
lengths 400–700 nm) was measured with a LI-COR quantum
sensor (LI-190SA, LI-COR, USA) equipped with a Data
Logger (LI-1400, LI-COR). Culture pH was measured with
a pH meter (P25-A, Istek, Korea). Microscopic pictures of
algal cultures were taken with a phase-contrast microscope
(Eclipse Ci, Nikon Corp., Japan) equipped with a digital cam-
era (HK5U3, K-Optic, Korea).

Results

Effect of salinity on fatty acid productivity of Tetraselmis sp.
Elevation of salinity by addition of NaCl to NSW increased
maximum biomass concentrations (Fig. 2). The specific
growth rates of algae from inoculation to day 2.5 decreased
at 80 and 105 PSU (1.71, 1.71, 1.39, and 0.87 day−1 at 30, 55,

80, and 105 PSU, respectively). In the cultures with 30 PSU,
biomass concentrations decreased after reaching 0.43 g L−1 on
day 2.5, whereas maximum biomass concentrations were
1.14 ± 0.09 g L−1 in hypersaline media. Nitrate was depleted
on day 4.5 in cultures with 30, 55, and 80 PSU and was
exhausted 5 days later in culture with 105 PSU (data not
shown). Lysed microalgae with motile particles, decolorized
microalgae, and bacteria were observed in cultures with 30
and 55 PSU (Fig. 3A and B), while cultures consisted of
mostly intact microalgae at 80 and 105 PSU (Fig. 3C and D).

The overall volumetric biomass productivities were 0.03,
0.16, 0.15, and 0.08 g L−1 day−1 at 30, 55, 80, and 105 PSU,
respectively (for 7.5 days at 30, 55, and 80 PSU and for
12.5 days at 105 PSU) (Fig. 4). In 30 PSU cultures (control),
biomass concentration initially increased and then sharply de-
creased, leading to lower biomass productivity compared to
the cultures with other salinities. FA contents of algal biomass
were in the order of 80, 55, 105, and 30 PSU, and their values
were 11.2, 8.9, 8.4, and 5.6%, respectively (Fig. 4). The
resulting FA productivity was highest (16.9 mg L−1 day−1) at
80 PSU, followed by 14.1 mg L−1 day−1 at 55 PSU,
6.4 mg L−1 day−1 at 105 PSU, and 1.5 mg L−1 day−1 at
30 PSU. Based on its minimal contamination and highest FA
content, 80 PSU was selected for the ocean cultivation of
Tetraselmis sp.

Use of hypersaline medium for ocean cultivation Use of hy-
persaline medium for ocean cultivation improved biomass
productivities in both TM-PBRs and SB-Ps. Time profiles of

Fig. 2 Time profiles of biomass
concentrations in different
salinities (error bars indicate
range of duplicates)
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biomass concentrations in the cultures with regular and hyper-
saline media are presented in Fig. 5A. In both culture systems,
maximum biomass concentrations were higher at 80 PSU than
at 30 PSU. In the TM-PBRs with hypersaline medium, max-
imum biomass concentration was 0.77 g L−1 whereas that in
TM-PBRs with NSW control was 0.23 g L−1. The maximum

biomass concentrations in SB-Ps were 0.38 and 0.11 g L−1 at
80 and 30 PSU, respectively. Use of hypersaline media im-
proved areal biomass productivities by 89 and 152% in TM-
PBRs and SB-Ps, respectively, during the 17-day cultivation.
Competing microalgae (mainly diatoms) and lysed
Tetraselmis cells with motile particles were detected in the

Fig. 3 Micrographs of cultures
with 30 PSU (a), 55 PSU (b),
80 PSU (c), and 105 PSU (d)
(scale bars = 10 μm)

Fig. 4 Biomass productivities
and fatty acid contents by
salinities (error bars indicate
range of duplicates)
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cultures at 30 PSU (Fig. 6A and C), whereas mainly
Tetraselmis cells were found in the cultures at 80 PSU
(Fig. 6B and D). Nitrate was not depleted in the TM-PBRs
and SB-Ps during cultivation (data not shown).

FA content of the algal biomass was increased by 149% in
the TM-PBRs by using hypersaline medium, compared with
when NSWwas used (Fig. 5B). On the other hand, FA content
decreased by 35% when hypersaline mediumwas used in SB-

Fig. 5 Changes of biomass
concentration in TM-PBRs and
SB-Ps with 30 (empty symbols)
and 80 PSU (filled symbols) (a)
and fatty acid contents after culti-
vation (b) (error bars indicate
range of duplicates)

Fig. 6 Micrographs of cultures
with 30 PSU in TM-PBR (a),
80 PSU in TM-PBR (b), 30 PSU
in SB-P (c), and 80 PSU in SB-P
(d) (red bars on the top-right cor-
ner indicate 10 μm)
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Ps. Nevertheless, due to substantial improvements in biomass
productivities, FA productivities were enhanced by 369 and
87% in the TM-PBRs and SB-Ps, respectively, with hypersa-
line medium. In the TM-PBRs, FA productivities were 100.1
and 21.3 mg m−2 day−1 at 80 and 30 PSU, respectively. Those
were 30.1 and 16.1 mg m−2 day−1 at 80 and 30 PSU, respec-
tively, in the SB-Ps.

Effects of increasing or decreasing salinity on FA productivity
of Tetraselmis sp. The effects of hyposalinity or hypersalinity
shock on FA productivity were investigated to assess the pos-
sibility of two-stage cultivation for further improvement of FA
production. Changes in biomass concentrations of algal cul-
tures during cultivation are shown in Fig. 6A. Maximum bio-
mass concentrations were attained after 4 and 6 days in cul-
tures at 30 and 80 PSU, respectively. Similar to the results of
the salinity survey experiment, biomass concentration was
reduced by 86% after reaching 1.2 g L−1 in cultures at
30 PSU. When the cells grown at 30 PSU were transferred
to 80 PSU, biomass concentration still decreased by 42%. As
the result, biomass productivity was increased by 320% in the
cultures transferred to 80 PSU compared with the cultures
stayed at 30 PSU. Biomass concentration increased relatively
slowly in the 80 PSU cultures, but it did not decline after
nitrate was exhausted. Shifting from 80 to 30 PSU did not
lead to significant differences in biomass productivities.
Nitrate was depleted on days 4 and 5.5 in the 30 and
80 PSU cultures.

Shifts to lower and higher salinities increased FA content of
the algal biomass compared to nitrogen starvation condition
alone (Fig. 7B). In NSW cultures without salinity shift, FA
content decreased after exhaustion of nitrate, whereas shift to
80 PSU increased FA content of the biomass. Compared to the
NSW control, FA content increased by 173% upon hypersa-
linity shock along with nitrogen starvation. In the cultures
with 80 PSU, FA contents were increased by 39 and 109%
without and with hyposalinity shock, respectively. Although
biomass reduction was not completely prevented in the cul-
tures with hypersalinity shock, FA content was 22% higher
compared with the cultures that stayed at 80 PSU. FA produc-
tivities before nitrogen starvation and salinity shift were 24.0
and 17.0 mg L−1 day−1 at 30 and 80 PSU, respectively. After
N-depletion, the highest FA productivity of 28.5mg L−1 day−1

was attained in the cultures that underwent a salinity shift from
80 to 30 PSU, followed by 17.4 mg L−1 day−1 in the cultures
with the 30 to 80 PSU salinity shift. Despite lower final bio-
mass concentration in the 30 to 80 PSU cultures, higher FA
contents resulted in higher FA productivity than in the cultures
that stayed at 80 PSU.

Discussion

Our results suggest that use of hypersaline medium at 80 PSU
could increase biomass and FA productivity in Tetraselmis sp.
KCTC12432BP by preventing contamination and inducing

Fig. 7 Time profiles of biomass
concentration with (filled
symbols) or without (empty
symbols) salinity shifts (a) and
fatty acid contents before and
after salinity shifts and N-
deficiency (b) (error bars indicate
range of duplicates)
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FA accumulation in both open and closed ocean culture sys-
tems as well as in the well-regulated laboratory condition.
Furthermore, a salinity shift from 80 to 30 PSU combined
with nitrogen starvation was able to enhance FA productivity
by substantially increasing FA content.

The specific growth rate of Tetraselmis sp. KCTC12429BP
was reduced at salinities higher than 55 PSU (Fig. 2). While
Tetraselmis generally exhibit some extent of halotolerance,
their optimal salinities vary even within the same genus
(Fon-Sing and Borowitzka 2016). They can tolerate high sa-
linity because of their ability to produce and accumulate com-
patible solutes as well as efficient active transportation system
for Na+ (Fon-Sing and Borowitzka 2016; Hagemann 2016).
Lowered growth rate also allows the algae to maintain its
homeostasis better than when they are growing faster
(Fanesi et al. 2014). Besides the metabolic burden for osmo-
regulation, dehydration and increased intracellular Na+ levels
at high salinity could also disrupt structural integrity of the
photosystem and electron transport chain, thereby lowering
photosynthetic efficiency (Hellebust 1985; Zakhozhii et al.
2012).

Although the specific growth rate of Tetraselmis sp. was
reduced at higher salinities, the gain in biomass productivity
from prevention of contamination was greater (Fig. 4). When
the microalgae were cultivated in BC-PBRs, biomass concen-
tration rapidly increased initially and sharply declined as nitrate
became scarce in the medium (< 2 mg L−1, data not shown) in
the cultures at 30 PSU (Figs. 2 and 6). Microscopic observation
showed that a considerable portion of microalgae were lysed,
and contaminants were present in cultures at 30 PSU (Fig. 3A).
Contaminants included bacteria, ciliates, and motile particles,
all of which may cause cell lysis or predate on algae (Pretorius
and Engelbrecht 1980; Bartley et al. 2013; Karpov et al. 2014).
Some ciliates thrive at 34 PSU and can ultimately cause a total
crash of the culture (Bartley et al. 2013). Even though ciliates
were observed in our cultures, they were rather rarely seen.
Most notable contaminants in these experiments were the mo-
tile particles that resided within the microalgae. When the
microalgae were exponentially growing with sufficient NO3

−,
they were not visible nor lysed cells were observed. However,
as the culture enters a stationary phase due to limitation on N
sources, their presence manifested. Their presence in the algae
coincided with decolorization, formation of holes, and lysis of
the cells with a dark particle inside. Although the population
was not completed eradicated, algal cell concentration was
greatly decreased as well as FA content (Figs. 2 and 7). We
could not isolate or identify these motile particles, but their
behavior and phenotype are close to Aphelidium, a group of
parasitoids of algae that were described as fungal parasites
(Pretorius and Engelbrecht 1980; Gleason et al. 2014; Karpov
et al. 2014). Similar contaminants and lysis of microalgae were
also observed in cultures at 55 PSU but to a much lower extent
(Fig. 3B). The final cell concentration did not decrease unlike

the cultures at 33 PSU (Fig. 2). At higher salinities (80 and
105 PSU), contaminants were rarely observed, and most cells
remained intact until harvest (Fig. 3C and D). The result im-
plies that the parasitoids may be unable to survive at high
salinity, but related information has not been revealed as inter-
ests on aphelids have been raised very recently (Karpov et al.
2014). Although biomass productivity was highest at 55 PSU,
due to the presence of contaminants, a salinity higher than
55 PSU would be appropriate for the cultivation of
Tetraselmis sp. KCTC12429BP when NSW is used without
disinfection or sterilization.

Elevation of salinity led to higher FA content in Tetraselmis
(Fig. 4). FA content increased until 80 PSU and then decreased
at 105 PSU. Other microalgae also accumulate biochemicals
under hyperosmotic conditions. Cultivation at a salinity higher
than NSW increased the intracellular total lipid contents of
Dunaliella tertiolecta (Takagi & Karseno 2006), Navicula sp.
(Al-Hasan et al. 1990), Nannochloropsis salina (Bartley et al.
2013), and Tetraselmis sp. (Kim et al. 2016a). Similar to the
results of the present study, lipid contents decreased at very
high salinities after rapidly increasing at moderately higher sa-
linities in Navicula sp. (13.4% at 99 PSU to 4.3% at 146 PSU)
(Al-Hasan et al. 1990) and N. salina (37.5% at 34 PSU to
21.8% at 46 PSU) (Bartley et al. 2013), though the effective
salinities and extent of lipid accumulation varied. As for the
specific growth rates, lipid contents over a range of salinity
differed among Tetraselmis strains (Fon-Sing and Borowitzka
2016). Many of the Tetraselmis strains they isolated showed
increased lipid contents even at 11% NaCl compared with low-
er salinity (e.g., 9% NaCl). Their Tetraselmis strains were iso-
lated from saline lakes at which salinities were 6.4–13.1%
NaCl whereas the Tetraselmis sp. used in this study was isolat-
ed from seawater at 30 PSU. The difference in the salinity of
their natural habitats may have led to various characteristics.
High salinity suppresses photosynthesis by exerting chemical
and structural stresses on the photosynthesis apparatus caused
by increased intracellular Na+ levels and changes in cell vol-
ume (Zakhozhii et al. 2012). Consequently, surplus NADPH or
ATP could be used for the conversion of lipids from
glyceraldehyde-3-phosphate along with elevation of glycerol
content in cells in response to osmotic pressure (Hellebust
1985; Zakhozhii et al. 2012; Klok et al. 2014; Kim et al.
2016a). Furthermore, a recent study reported that the activity
of Rubisco, an important enzyme in carbon fixation, increased
at 58 PSU, and extracellular carbon anhydrase (CA), a key
enzyme in inorganic carbon uptake, was most active at
117 PSU in Dunaliella viridis (Wang et al. 2016). Higher ac-
tivities of these enzymes could increase the internal carbon pool
to promote FA synthesis. As optimal salinity for microalgae
varies by strains, their enzymes would have different optimal
salinities, but if the enzymes involved in carbon fixation for
Tetraselmis sp. KCTC12432BP are more active at 80 PSU,
they could contribute to increased FA content. Extremely high
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salinities could drastically increase energy-consuming cellular
respiration for maintenance of homeostasis and reduction of
Rubisco and CA activities (Zeng and Vonshak 1998; Gu et al.
2012; Wang et al. 2016). In the case of Tetraselmis sp.
KCTC12432BP, increasing salinity beyond 80 PSU was unde-
sirable as biomass productivity and FA content were both
reduced.

Use of hypersaline medium improved FA productivity dur-
ing ocean cultivation in both closed and open culture systems
(Fig. 5A). Nitrate consumption patterns were similar at 30 and
80 PSU (data not shown), but biomass concentrations differed
due to cell lysis and invasion by contaminants. In the TM-
PBRs at 30 PSU, lysed cells were detected by microscopic
observation, which was similar to the result of laboratory ex-
periments (Fig. 6A). On the other hand, shifts in dominant
species from Tetraselmis to diatoms were observed in SB-Ps
(Fig. 6C). While NSW was the initial source of contaminants
during inoculation in TM-PBRs, contaminants could have been
introduced multiple times into open cultures in SB-Ps, a com-
mon risk in open systems (Das et al. 2011; Fon-Sing et al.
2014). Lysis of Tetraselmis by contaminants such as
Aphelidium gave other microalgae opportunities to overtake
the culture in SB-Ps at 30 PSU (Fig. 6C). Such contamination
was prevented by high salinity, resulting in higher biomass
productivity (Fig. 5). Significant contamination was not detect-
ed upon microscopic observation as in the laboratory experi-
ments with 80 PSU media (Fig. 6B and D). For the large-scale
cultures of Tetraselmis sp. in outdoor raceway ponds, hypersa-
line medium was effective to enhance biomass productivity
with minimal contamination (Fon-Sing et al. 2014). Our results
also suggest that using hypersaline medium is an effective cul-
tivation strategy for ocean cultivation as well.

FA contents were considerably lower in ocean cultures than
in laboratory cultures (Figs. 3 and 5B). When pH increased
from 7.5 to 9.5, total lipid content of Tetraselmis sp. decreased
(Khatoon et al. 2014). Moreover, it was shown that lipid con-
tent was 38% lower when pH was unregulated compared with
when pH 7.5 was maintained with CO2 bubbling (Moheimani
2013). Since TM-PBRs and SB-Ps were dependent on disso-
lution of atmospheric CO2, there would have been insufficient
carbon supply for seamless FA synthesis, and the culture pH
increased to above 9.0 in the absence of pH modulation by
CO2 gas. Elevation of pH above 9 could lead to precipitation
of salt, thereby increasing ash content and reducing FA con-
tent (Renaud and Parry 1994). Since these ocean culture sys-
tems were prototypes still under development, productivity
cannot be directly compared with data from conventional cul-
ture systems, which have been extensively studied.
Nevertheless, the results demonstrate that use of hypersaline
medium could improve biomass and FA productivity in the
cultivation of Tetraselmis in the ocean.

The lowered FA content may be increased with two-stage
cultivation, wherein culture conditions are rapidly altered to

induce accumulation of FA (Gleason et al. 2014). The efficacy
of two-stage cultivation using a salinity shift was investigated
under laboratory conditions to eliminate the effects of other
parameters, such as solar irradiance, L/D cycle, and wave
conditions. The results indicate that alteration of salinity to a
lower or higher level both increased FA productivity (Fig. 7).
When Tetraselmis was cultivated at 30 PSU, biomass and FA
content were reduced as nitrate was depleted, which is the
same result shown in Fig. 2. A hypersalinity shock, in which
the algae were transferred from 30 to 80 PSU, reduced bio-
mass loss by 50% and increased FA content by 90% compared
with the cultures staying at 30 PSU (Fig. 7). However, in
comparison to single-stage cultivation without nitrogen star-
vation (i.e., microalgae harvested on the fourth day in
Fig. 7A), FA productivity was 27.4% lower in the cultures
with a hypersalinity shock. Since contamination was inhibited
at 80 PSU, the reduction in biomass after transferring to
80 PSU would be caused by lysis of cells that were infected
with the parasitoids prior to the salinity shift. Applying nitro-
gen deficiency condition at 80 PSU did not increase FA con-
tent as much as salinity shifts, and FA productivity was 7.6%
lower than that of the cultures with a salinity shift from 30 to
80 PSU despite higher biomass productivity. A hyposalinity
shock, shifting salinity from 80 to 30 PSU, did not affect
biomass concentration but largely increased FA content by
109% than before the salinity changed (Fig. 7). Overall,
highest FA productivity of 28.5 mg L−1 day−1 was obtained
from the two-stage cultivation with a hyposalinity shock. FA
productivity of single-stage cultivation at 30 PSU followed as
24 mg L−1 day−1. Numerous studies have reported that FA or
total lipid productivity could be enhanced by shifting salinity
to a higher (Takagi & Karseno 2006; Xia et al. 2013; Ho et al.
2014) or lower level (Kim et al. 2016a). However, this study is
the first to report the effects of salinity shift from elevated
salinity to regular levels on the FA productivity of microalgae
for the first time.

In this study, improving biomass and FA productivity in
Tetraselmis sp. KCTC12432BP using hypersaline medium
was investigated. When NSW was used without sterilization,
increasing salinity to 80 PSU by addition of NaCl enhanced
biomass and FA productivity be limiting contamination and
inducing FA accumulation in a controlled environment.
Hypersaline medium was also effective in improving biomass
and FA productivity in ocean cultivation using both closed-
and open-type culture systems. Using hypersaline medium
prepared by evaporation of NSW, or reusing the hypersaline
medium showed the same effect with NaCl-added medium or
using fresh medium, respectively (data not shown), which
could alleviate the cost increase when using hypersaline me-
dium. Application of two-stage cultivation, growing phase at
80 PSU with nitrate-replete condition followed by FA accu-
mulation phase at 30 PSU without nitrogen source, could fur-
ther enhance FA productivity in Tetraselmis culture. Further
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studies in two-stage cultivation at large-scale in a long term
are in progress to assess feasibility of this method in mass
production of algal biomass for biofuels.
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