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Abstract
In a seawater-based open pond microalgae cultivation system salinity will increase gradually over time due to evaporative loss.
Continuous salinity increase would lead to non-optimal salinities which negatively affect the biomass and fucoxanthin produc-
tivity. To increase and maintain high overall biomass and fucoxanthin productivity, even in the non-optimal salinity zone, two
cultivation methods for marine and halotolerant microalgae were carried out, co-cultivation and stepwise cultivation (sequential
cultivation). Two fucoxanthin-producing diatoms, Chaetoceros muelleri (marine) and Amphora sp. (halotolerant), were culti-
vated at non-optimal salinities between 59 and 65‰. Stepwise cultivation showed approximately 63% higher total biomass and
47% higher fucoxanthin productivity than that of co-culture. The ability to reutilize culture media in the stepwise cultivation
increases the sustainability of that method. The use of a stepwise culture regime, coupled with a regimen of gradually increasing
salinity, provides the possibility of year round fucoxanthin production from microalgae.
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Introduction

The algal carotenoid fucoxanthin is beginning to find use as a
nutraceutical due to reported bioactivity against cancer, obesity,
arthritis, diabetics, bone, cerebro-vascular, and inflammatory
diseases (Kim et al. 2012b; Zarekarizi et al. 2018). Brown
macroalgae are the current commercial source of this pigment
(Kim et al. 2012a, b; Shannon and Abu-Ghannam 2017), al-
though a few studies have found that macroalgal production is
not an economically viable source because of a combination of
low fucoxanthin content (Airanthi et al. 2011; Terasaki et al.
2012), and slow, seasonally dependent growth resulting in in-
terruption to feedstock requirements (Zou 2005; Aitken et al.

2014). Recently, it has been found that chromist marine
microalgae (both diatoms and haptophytes) could be an eco-
nomically feasible source of fucoxanthin as they contain up to
12 times more fucoxanthin (per gram) than macroalgae (Kim
et al. 2012a, b; Gómez-Loredo et al. 2016). Marine microalgae
also offer additional advantages over macroalgae as a suitable
source for commercial exploitation, like higher biomass pro-
ductivity, accessibility to year round biomass, and higher toler-
ance to increased salinity (Borowitzka and Moheimani 2013).

Fucoxanthin-producing microalgae can be cultivated in
open ponds (Griffiths and Harrison 2009; Indrayani 2017),
the currently preferred method for large-scale cultivation. A
major limitation of growing microalgal monocultures in out-
door ponds is the need to utilize freshwater to maintain the
culture medium at the salinity for optimum biomass produc-
tivity of the particular species being cultivated. Due to the
effects of evaporation, the salinity of the culture medium in
outdoor ponds increases over time, deviating from the opti-
mum level for high biomass production (Brand 1984; Sigaud
and Aidar 1993; Gu et al. 2012). Maintaining high biomass
productivity is particularly important as a recent study has
shown a positive correlation between high biomass and high
fucoxanthin production (Ishika et al. 2017). That work also
indicated that high biomass productivity could be achievable
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under continuously increasing salinity condition by cultivat-
ing multiple microalgae at their optimal salinity range, i.e.,
marine species over the range of 35–55‰ and halotolerant
species between 70 and 125‰.

Tomaintain high biomass productivity at salinities between
the optimal salinity zone of the marine and halotolerant spe-
cies, i.e., 55–70‰, a co-cultivation method could be a viable
option. Such an approach has been shown to improve total
biomass in microalgae culture. For example, Novoveská
et al. (2016) cultivated Dunaliella sp. and Phaeodactylum
tricornutum together to produce high biomass. This produc-
tion technique has yet to be examined for fucoxanthin produc-
tion from microalgae.

One potential issue with a co-cultivation strategy is the
competition between two species that could lead to a reduction
in the total biomass productivity of the culture. Therefore,
stepwise cultivation, i.e., cultivation of one species after an-
other, also offers a possible approach for continuous produc-
tion of fucoxanthin containing biomass. In a stepwise culture
system, it would be desirable to grow the second species in
spent culture media of the initial species. This would minimize
the loss of nutrients and the requirement for fresh media lead-
ing to a total decrease in the cost of continuous biomass
production.

The aim of the study was to investigate the possibilities for
continuous, year round fucoxanthin production by comparing
the biomass and fucoxanthin productivity of saline microalgae
under co-cultivation and stepwise cultivation regimes.

Materials and methods

Species selection and general culture conditions

The marine and halotolerant diatoms Chaetoceros muelleri
(CS 176) and Amphora sp. (MUR 258), respectively, were
selected for this study as both are known to have high fuco-
xanthin levels (Ishika et al. 2017) and have been grown suc-
cessfully in open ponds (Griffiths and Harrison 2009;
Indrayani 2017). The origins of C. muelleri and Amphora
sp. are Salton Sea, Salt Lake, CA, USA and Perth, Western
Australia, respectively.

Natural seawater (Hillary’s Beach, WA, 33‰) was
charcoal-filtered before preparing media (Guillard and
Ryther 1962). Seawater was autoclaved and cooled before
use in preparation of F + Si media (Guillard and Ryther
1962) by addition of sterile nutrient solutions (Online
Resource 1). The cultures were grown at 25 ± 3 °C under
150 μmol photons m−2 s−1 irradiance on a 12 h:12 h light:dark
cycle. Irradiance level was set based on the maximum photo-
synthetic (Pmax) rates for microalgae of the same genera (data
not shown). The light:dark cycle was modeled on conditions
likely to be found in outdoor cultivation in Geraldton, WA,

Australia, where it is highly unlikely that a significant light
period would extend for more than 12 h. Irradiance was mea-
sured with a Li-185B quantum meter (LI-COR Inc., USA)
equipped with a PAR Li-190SB quantum sensor. The cultures
were stirred using a 40-mm magnetic stirrer and the mixing
speed was 0.2 s−1. The mixing speed was determined using
the method of Moheimani (2013a) by measuring the time
required for India Ink to mix completely in culture media
(detailed procedure in Online Resource 5). The cultures were
maintained in semi-continuous mode and every 72 h, a max-
imum 50% of the total culture volume was harvested depend-
ing on the cell density and the same amount of fresh medium
was added to the harvested flask (Moheimani 2013b). After
each harvest, the salinity of the culture medium was increased
by 2‰ by adding salt (NaCl). The rate of salinity increase
imitated the rate of salinity increase for open ponds located
in Geraldton, WA, a potential site for large-scale microalgae
cultivation (Boruff et al. 2015). The salinity of media was
measured with an automated Atago refractometer (model
PAL-03S).

Cultivation

Chaetoceros muelleri and Amphora sp. have been shown to ex-
hibit high biomass productivity at salinity < 55‰ and > 55‰,
respectively (Ishika et al. 2017). Both species were adapted to
55‰ salinity for a minimum of 2 weeks prior to the start of ex-
periments under mono, co-, and stepwise culture conditions. All
experiments were carried out in four replicates (n = 4).

During co-cultivation (Fig. 1), C. muelleri and Amphora sp.
werecultivated together in250-mLErlenmeyer flasks containing
150mLofculture.Co-cultivationwasinitiatedfrom55‰salinity
andcarriedout until one specieswas totally replacedby the other.

Under stepwise cultivation (Fig. 1), C. muelleri was grown
between 55 and 59‰ in 250-mLErlenmeyer flasks containing
150 mL culture. At 59‰ salinity, C. muelleri was harvested
and the growth media were filtered using an Advantec filter

Fig. 1 Co-culture, monoculture, and stepwise culture
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(diameter 47 mm, pore size 0.45 μm). The filtrate was then
used for cultivation of Amphora sp. from 59‰ salinity. It is to
be noted that, after each harvest (after 72 h), the harvested
culture volumewas replaced by fresh culture medium tomain-
tain the culture volume at 150 mL. The cultivation was con-
tinued until a significant increase in biomass productivity was
achieved. Monocultures of each species were grown as a con-
trol under the same culture conditions described above.

The initial cell density was maintained between 6 and 10 ×
104 cells mL−1 in mono, co-, and stepwise cultures. The har-
vesting technique and time were identical for all cultures.

Culture sampling

On each sampling day, a maximum of 50% of culture volume
was harvested depending on the cell density as mentioned
previously. Five milliliter of each of harvested microalgal
sample was filtered through 2.5 μm GF/C filter (Whatman).
The filters containing samples were rinsed with isotonic am-
monium formate solution to remove residual salt as previously
described by Fon Sing (2010). After filtration, the filters were
folded and blotted to remove excess water from the filters.
Freshly filtered samples were used to determine the biomass
productivity. However, samples for fucoxanthin and lipid ex-
traction were stored in plastic zip lock bags at − 80 °C until
further analysis.

Determination of cell density, cell volume, biomass
productivity, and specific growth rate

Cell density

The cell density was determined by using the standard hemo-
cytometer method described in Moheimani et al. (2013).
Microalgal samples were homogenized gently in a 5-mL glass
tissue grinder to prevent large cells clumping together before
counting. One drop of Lugol’s solution was added to the sam-
ple to immobilize the microalgal cells prior to loading a
hemocytometer.

Cell volume

Samples were homogenized gently using a glass tissue grinder
to prevent clumping. One drop of Lugol’s solution was added
to the sample to immobilize the microalgal cells. One drop of
sample was placed on a clean slide, covered with cover slip,
and placed under a Leica Dialux 22 compound microscope. A
top-mounted Tucsen 9 MP camera was used to take an image
which was then downloaded with TSView 7 software. For
each sample, at least 16 microalgal cells were examined.
The ruler tool in the TSView 7 software was used to measure
the cell parameters. Cell volume of each microalga was esti-
mated using equations for cylindrical (C. muelleri) and half

elliptic prism (Amphora sp.) microalgae as described by
Hillebrand et al. (1999).

Biomass productivity

The organic dry weight (ash-free dry weight—AFDW) and
organic biomass productivity were measured using the
methods described in Moheimani et al. (2013). To determine
dry weight (DW) and ash-free dry weight (AFDW), 5 mL of
each microalgal culture was collected and filtered through a
pre-weighed 2.5-μm GF/C filter paper (Whatman) using a
Millipore filtration unit. Before filtration, the GF/C filters
were washed in deionized water and dried at 75 °C for 24 h
and the dry weights of the filters were determined. After fil-
tration, the saline microalgal cells were rinsed with equal vol-
umes of isotonic ammonium formate to remove excess salt
from the filter paper. As all saline species were grown at dif-
ferent salinities, the concentration of ammonium formate was
adjusted to match the osmolarity of the algal culture at differ-
ent salinities (NaCl concentration) (Fon Sing 2010).

Specific growth rate

The specific growth rate (μ) was determined by measuring the
doubling time in the exponential growth phase from semi-log
cell density plots. The specific growth was calculated using
the following equation from Moheimani et al. (2013):

μ ¼ Ln 2

d
¼ 0:693

d

where, d is the time taken to double the cell number (i.e., the
doubling time).

Determination of maximum quantum yield (Fv/Fm)

The maximum quantum yield of PS II (Photosystem II) was
measured for 20 min dark-adapted using a PAM fluorometer
(Water-PAM,Walz) and represented as Fv/Fm, where Fv (= Fm
−Fo). Fm represents the maximum fluorescence (chlorophyll)
yield in dark-adapted cells following a short period of saturating
light. Fo represents the minimum steady state fluorescence
(chlorophyll) yield in dark-adapted cells. Fv thus represents
the variation of chlorophyll fluorescence between the maximal
fluorescence (Fm) signal of dark-adapted cells induced by sat-
urating pulse and the minimal fluorescence (Fo) signal of dark-
adapted cells (Cosgrove and Borowitzka 2010).

Fucoxanthin extraction and HPLC quantification

Fucoxanthin extraction and quantification were carried out
using the methods detailed in Ishika et al. (2017). Briefly,
the whole extraction process was performed in the dark with
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absolute ethanol (100%) to prevent the breakdown of pig-
ment. Ethanol extracts were filtered through a 0.33-μm sy-
ringe filter and placed in 2-mL auto sampler vials with
Teflon-coated lids. Samples were analyzed with a Shimadzu
Prominence HPLC system equipped with an Apollo-C18 ana-
lytical column (5 μm, 4.6 mm× 150 mm; Grace Discovery
Sciences) and a PDA detector. Fucoxanthin was monitored at
an absorbance of 450 nm. The following mobile phases and
gradients were used: Solvent A (0.5 M ammonium acetate in
85:15 v /v methanol:water), Solvent B (90:10, v/v
acetonitrile:water), and Solvent C (100% ethyl acetate) and
programmed as follows: 0–5 min 60:40 Solvent A:Solvent B
isocratic 5–10 min linear gradient to 100 B; 10–20 min linear
gradient from 100 B to 23:77 B:C, hold for 1 min, then to 100
C over 4 min (Louda et al. 1998). Re-equilibration of the
HPLC column consisted of running 100 B for 1 min then
gradient to 60:40 A: B over 4 min, hold for 5 min. Total time
from injection to injection (including re-equilibration) was
35 min. Using pigment standards purchased from Nova-
Chem, Melbourne, Australia (catalog number: PPS-FUCO),
an external calibration curve was constructed and the peak
area was used for quantification. Fucoxanthin productivity
was determined by multiplying fucoxanthin content with bio-
mass productivity and the value was expressed as mg L−1 d−1

of the sample (ash-free dry weight, AFDW).

Lipid extraction and quantification

Lipid was extracted and quantified using the method of Bligh
and Dyer (1959) as described in Moheimani et al. (2013).
Microalgae containing filters were placed inside plastic cen-
trifuge tubes, treated with liquid nitrogen to rupture the cell
wall, and left for half an hour to thaw. Ruptured cells were
then crushed with 5.7 mL of a 2:1:0.8 (v/v/v) mixture of
methanol:chloroform:deionized water until a smooth green
paste was obtained. The lids of the tubes were then tightly
screwed on to prevent evaporation of the solvent and the tubes
were centrifuged at 3000 rpm for 10 min at room temperature.
The supernatant was transferred to a 10-mL glass tube. The
algal pellet was resuspended in 5.7 mL of the same solvent
and mixed well by vortexing before centrifugation at
3000 rpm for 10 min and the supernatant was added to the
first supernatant. Threemilliliters of deionized water and 3mL
of chloroform were added to the combined supernatant and
mixed before overnight storage in a dark, cool place to allow
for phase separation. Following phase separation, the top
phase (non-lipid components, methanol/water) was removed
carefully with a very fine Pasteur pipette connected to a sy-
ringe and discarded. Residual water was removed by adding
6–8 drops of toluene to the remaining chloroform phase and
mixing by hand. The upper toluene/water layer was then re-
moved and lipid containing chloroform layer was transferred
to a dry, pre-weighed 10-mL vial. The solvent was

immediately evaporated on a heating plate at 38 °C under a
stream of ultra pure N2 gas. After evaporation, vials were
weighed immediately using analytical balance. Lipid weight
was determined by subtracting the weight of the empty vial
from the weight of the vials with lipid. Lipid productivity was
determined by multiplying lipid content by biomass produc-
tivity (AFDW), and the value was expressed as mg L−1 d−1 of
the sample (ash-free dry weight, AFDW).

Statistical analysis

Pearson’s correlations were used to determine the relation-
ships between different parameters. One-way analysis of var-
iance (ANOVA) and Tukey’s test were conducted to identify
significant differences between cultivation methods. One-way
repeated measure analysis of variance (rmANOVA) and
Tukey’s test were used to test significant differences at differ-
ent salinity conditions for a particular cultivation method. In
each case, P value < 0.05 was considered significant with a
sample size, n = 4. Statistical analyses were performed using
Sigmaplot software (version 13.0).

Results

In order to find out the most efficient cultivation method for
high fucoxanthin containing biomass production under grad-
ually increasing salinity, first co-cultivation and then stepwise
cultivation were undertaken. Both cultivation methods were
compared to monocultures of both species to ascertain the
most sustainable, effective, and productive procedure.

Monoculture

The biomass productivity trend in C. muelleri monoculture
was different from that of Amphora sp. monocultures
(Fig. 2). A gradual reduction in biomass productivity was
observed in C. muelleri monoculture at an increased salinity.
For instance, the biomass productivity of 24.3 mg L−1 d−1 was
found at 55‰ salinity which was reduced by 95% at 69‰
salinity (1.2 mg L−1 d−1) (rmANOVA, P < 0.05). Pearson’s
correlations showed that biomass productivity of C. muelleri
monoculture was negatively correlated to increased salinity of
the culture medium (Pearson’s correlation coefficient, r = −
0.815, P < 0.05). The cell density, cell volume, and specific
growth rate ofC. muellerimonoculture alsomirrored the same
trend as biomass productivity. Similarly, the highest fucoxan-
thin and lipid productivity of this alga were found at 55‰
salinity and the lowest productivity was seen at 69‰ salinity
(r = − 0.74, P < 0.05). Fucoxanthin content per cell also
showed the same pattern of that of productivity (Online
Resource 6). The Fv/Fm value of C. muelleri monoculture
was unchanged up to 65‰ after which it decreased rapidly
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(rmANOVA, P < 0.05) (Fig. 2). In addition, Fv/Fm values
were found to be negatively correlated to increased salinity

and positively correlated to biomass, fucoxanthin, and lipid
productivities (Online Resource 2).

Fig. 2 Biomass productivity, cell density, cell volume, specific growth
rate, maximum quantum yield (Fv/Fm), fucoxanthin, and lipid
productivity in monoculture and co-culture at increasing salinity. Means

± S.E., n = 4. (For significant differences in results see Online Resource
3). Filled circles indicate C. muelleri and open circles indicate Amphora
sp
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However, Amphora sp. monoculture showed a positive
correlation between increased salinity and biomass productiv-
ity (r = 0.617, P < 0.05). Increasing culture medium salinity
from 55 to 69‰ salinity resulted in 29% increase in biomass
productivity (Fig. 2) (rmANOVA, P < 0.05). Under the same
conditions, the maximum cell density also increased by 32%
but the cell volume was found to be reduced (Fig. 2). Higher
specific growth rate of this alga was achieved when grown at
salinities above 63‰ (rmANOVA, P < 0.05). Fucoxanthin
and lipid productivity in Amphora sp. monoculture also
followed the same pattern as its biomass productivity (Fig.
2). The Fv/Fm values of Amphora sp. monoculture were found
to be above 0.6 over the range of increased salinity and strong-
ly positively correlated to salinity, biomass, fucoxanthin, and
lipid productivity (Online Resource 2).

Co-culture

Total biomass productivity in the co-culture was a combination
of that observed for the individual monocultures (Fig. 3). For
instance, total biomass productivity of the C. muelleri and
Amphora co-culture decreased by 84% when salinity increased
from 55 to 67‰ as a result of a reduction in cell density, specific
growth rate, and cell volume of C. muelleri (one-way ANOVA,
P < 0.05). On the other hand, at 69‰, a rapid increase in
Amphora cell density was observed with Amphora able to
completely dominate the culture. The total biomass productivity
of Amphora when grown in co-culture at 69‰ also showed
85% increase compared to that of at 55‰, which is similar to
that observed in monoculture (Fig. 2). Basically, when salinity
reached 69‰, the co-culture system returned to an Amphora
monoculture as all C. muelleri cells were completely dead
(Fig. 2). However, the total biomass productivity, cell density,
and specific growth rate of the co-culture was 37, 35, and 46%
lower than that of Amphora when grown as a monoculture (see
Fig. 2). Fucoxanthin and lipid productivity were found to follow
the same reduction pattern of biomass productivity (Pearson’s
correlation coefficient, r = 0.655 (fucoxanthin productivity and
biomass productivity) and r = 0.730 (lipid productivity and bio-
mass productivity),P < 0.05). However, in co-culture, theFv/Fm
values were always higher than 0.6.

Stepwise culture

In stepwise culture, the reduction in biomass productivity
compared to separate monocultures was still observed.
However, the total biomass productivity was not as low as
that recorded for co-culture conditions in the critical growth
salinity range of 59–65‰ (Fig. 3). In fact, total biomass pro-
ductivity was 63% higher when C. muelleri and Amphora
were grown in the stepwise culture compared to co-culture
conditions (one-way ANOVA, P < 0.005). Increased cell den-
sity (by 37%), higher specific growth rate (by 19%), and a

larger cell volume (by 20%) of Amphora were also observed
when grown in stepwise culture compared to co-culture (one-
way ANOVA, P < 0.05) which is reflected in the higher total
biomass productivity of the culture. Again, Fv/Fm values of
C. muelleri and Amphora in stepwise culture were similar to
that of their monocultures and Fv/Fm of Amphora was con-
stantly above 0.6 while grown in the filtrate of C. muelleri
(Fig. 3). The fucoxanthin productivity of Amphora when
grown in stepwise culture was 46.6% higher than that of co-
culture over the same salinity range between 59 and 65‰
(one-way ANOVA, P < 0.05) (Fig. 3). When algal cultures
grown under stepwise cultivation strategy, a positive correlation
was seen between fucoxanthin productivity and biomass pro-
ductivity as well as specific growth rate (Pearson’s correlation
coefficient, r = 0.819 (fucoxanthin and biomass productivity)
and r = 0.694 (biomass productivity and specific growth rate),
P < 0.05). Lipid productivity in stepwise culture was found to be
approximately 12mgL−1 d−1 throughout the period of increased
salinity from 59 to 65‰ (Fig. 3), which was 54%more than that
in co-culture (one-way ANOVA, P < 0.05).

Discussion

There have been several studies on the effect of salinity in-
crease on microalgal growth, biomass, and secondary prod-
ucts (Sigaud and Aidar 1993; Takagi and Karseno 2006; Gu
et al. 2012). However, to the best of our knowledge, this is the
first study investigating the effect of gradual salinity increase
in co-culture and stepwise cultivation of marine and
halotolerant diatoms for fucoxanthin production. The effect
of salinity on the biomass productivity of monoculture, co-
culture, and stepwise culture is particularly important to delin-
eate in the intermediate/transition salinity whereC. muelleri is
at the extreme upper limit of its salinity tolerance range and
Amphora sp. is at the lower end of its salinity tolerance range.
As fucoxanthin production is known to be positively correlat-
ed to biomass productivity in monoculture (Ishika et al. 2017),
any changes in biomass productivity seen in co-culture or
stepwise culture are likely to have an effect on the amount
of fucoxanthin that can be extracted.

Monoculture

Biomass productivity of C. muelleri was found to decrease
rapidly with increased salinity due to reduction in individual
cell volume. This is consistent with the previous work of
Takagi and Karseno (2006) and Ishika et al. (2018), where
all marine species including diatoms showed reduced cell vol-
ume and specific growth rate under increased salinity condi-
tions. The trend in specific growth rate ofC. muelleriwas also
slightly downward as previously reported by Fon-Sing and
Borowitzka (2016) working with euryhaline Tetraselmis spp.
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The same trends were also seen in the lipid and fucoxanthin
productivity of C. muelleri. Decline in total productivity of
these chemicals in the microalga mirrors the decline in bio-
mass productivity, which is in accordance with Ishika et al.
(2017).

In addition, maximum quantum yield (Fv/Fm) of
C. muelleri monoculture was always less than 0.6 over the
increased salinity range. Basically, Fv/Fm indicates the effect
of stress on photosystem II (PSII) (Cosgrove and Borowitzka
2010). It is used to measure physiological stress or limitations

Fig. 3 Biomass productivity, cell density, cell volume, specific growth
rate, maximum quantum yield (Fv/Fm), fucoxanthin, and lipid
productivity in stepwise culture and co-culture at increasing salinities.

Means ± S.E., n = 4. (For significant differences in results see Online
Resource 3). Filled circles indicate C. muelleri and open circles indicate
Amphora sp
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on the growth of cells (Dao and Beardall 2016). If Fv/Fm

values are higher than 0.6, it indicates that cells are not
stressed or in Bgood health^; however, any value less than
0.6 confirms the stress (Bhola et al. 2016) In the present study,
Fv/Fm values for C. muelleri monoculture were between 0.54
and 0.4 which indicates stress. According to Torzillo and
Vonshak (2013), osmotic stress inhibits microalgal photosyn-
thesis when grown under non-optimal salinity condition. This
could be associated with the inhibition of quantum yield of
PSII photochemistry due to an increase in noncyclic electron
transport and non-photochemical quenching. Satoh et al.
(1983) showed that salt stress decreases the excitation energy
reaching PSII reaction centers and inhibits the oxidizing side
of PSII that results in a decrease in PSII activity. All of these
parameters indicated that the C. muelleri culture is stressed to
the point of actual death at salinities above 65‰.

On the other hand, being a halotolerant species, Amphora
sp. showed the opposite trend to C. muelleri in monoculture
(Fig. 2). The total biomass productivity was increased by
62.4% compared to C. muelleri over the same salinity range
which is in line with Ishika et al. (2017). Fv/Fm values were
consistently between 0.6–0.7 indicating a healthy culture
(Bhola et al. 2016). Again, the fucoxanthin productivity mir-
rors that of the biomass productivity. The lipid productivity
increases more dramatically—almost exponentially—which
is consistent with the literature (Ishika et al. 2018). These
results indicated that the cultures of both species adapted to
a 55‰ salinity behaved as expected.

Co-culture

Chaetoceros muelleri and Amphora sp. co-culture showed a
total reduction trend in biomass productivity, cell density, cell
volume, and specific growth rate compared to that of their
monocultures. This total reduced growth under co-culture
conditions could be due to the secretion of growth inhibitory
substances by dyingC. muelleri cells (Phatarpekar et al. 2000)
(Borowitzka 2016). Evidence exists that somemicroalgal cells
produce growth inhibitory substances when in direct compe-
tition or are placed under stressed conditions by abiotic factors
(Jørgensen 1956; Imada et al. 1991; Yingying et al. 2008;
Venâncio et al. 2017). According to Cermeño and Figueiras
(2008) and Finkel et al. (2010), phytoplankton abundance,
species composition, and competition between species could
be a reason for reduced cell volume in mixed culture; and
population abundance is found to be negatively correlated to
species cell volume which is in line with the findings of the
present study.

Fucoxanthin and lipid productivity showed exactly the
same trends as biomass productivity further emphasizing that
production of intracellular chemicals of interest is closely tied
to biomass productivity (Fon-Sing and Borowitzka 2016;
Ishika et al. 2017). Our results clearly indicated that the total

biomass productivity dropped in co-culture compared to
Amphora sp. monoculture. Further, C. muelleri culture col-
lapsed in co-culture but the Fv/Fm values in co-culture were
always consistent and well above 0.6. The statistical analysis
indicated that co-culture Fv/Fm mirrors the Fv/Fm of Amphora
sp. in monoculture (Online Resource 3). Considering that
Amphora was in the co-culture from the start, this result is
most likely due to that Water-PAM is only capable of captur-
ing the overall signal of the microalgae in the co-culture and
not the individual species Fv/Fm. This means that in the pres-
ent study, we recorded the Fv/Fm values of Amphora sp. in the
co-culture. That is why the Fv/Fm values in co-culture were
always above 0.6.

Stepwise culture

During stepwise culture, the halotolerant Amphora sp. was
grown in the filtrate of the marine C. muelleri. No negative
effects on the growth or biochemical content of Amphora sp.
were apparent using the recycled media. It could be possible
that growth-retarding substances were absent in the filtrate of
C. muelleri monoculture, under the stepwise culture protocol,
as there was no interspecies competition to induce allelopathic
chemical production (Borowitzka 2016). Similarly, Fv/Fm

showed no effect of allelopathic chemicals and was consis-
tently above 0.6 indicating a non-stressed culture. Again, high
biomass productivity resulted in the production of high
fucoxanthin and lipid in stepwise culture which is in
accordance with the reports of Ishika et al. (2017) and
Griffiths and Harrison (2009). Griffiths and Harrison (2009)
showed a positive correlation between lipid and biomass pro-
ductivity for 55 microalgae including C. muelleri and
Amphora sp.

Conclusion

A stepwise cultivation method coupled with a gradually in-
creasing salinity showed the possibility of maintaining high
fucoxanthin productivity across a salinity range from marine
to halotolerant (35–125‰). The stepwise cultivation protocol
minimized reductions in biomass, fucoxanthin, and lipid pro-
ductivities at intermediate salinities. Stepwise cultivation
showed approximately 63, 47, and 54% higher total biomass,
fucoxanthin, and lipid productivity, respectively, than that of
co-culture. Stepwise cultivation is better at minimizing factors
that negatively affect biomass productivity during co-
cultivation e.g., salinity stress, competition between species,
and production of growth inhibitory materials. The ability to
reutilize culture media makes the stepwise protocol a sustain-
able, practical, and, potentially, cost-effective method for fu-
coxanthin production.
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