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ABSTRACT

Integrating astaxanthin production by using Haematococcus lacustris with the
LDP phycoremediation provides multiple benefits. However, as a highly sensitive
organism, the cultivation needs to be regulated, such as selecting the most favorable
media, regulating light intensity, adjusting LDP conentration, and evaluating the effect
of NaCl on astaxanthin biosynthesis. In this study, we developed a new cultivation
method, three-stage continuous cultivation system, by regulating the light intensity

KEY] WORPS~' at each stage of microalgae growth. Based on the evaluation, the ideal medium was
Astax.anthlr‘l,‘ MES-volvox. The favorable light intensity for the adaptation phase was 600 lux, with
llgl?t.1nten51tles, the best LDP concentration of 3.75% and NaCl 1 g/L. The desirable light intensity
salinity, in the three-stage cultivation system was 600 lux (days 0-6), 1,200 lux (days 6-16),
wastewater

and 3,500 lux (days 16-30). This system produced density, biomass, and astaxanthin
content up to 91.54 x 10* cells/mL, 1 g/L, 0.83 g/L, respectively. Remarkably, the
enrichment of NaCl did not reduce the density, carbohydrate, protein, or pigment
content. Therefore, it may serve as a safe astaxanthin-enhancing stressor in the
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cultivation of this microalgae.

1. Introduction

Haematococcus lacustris (Haematococcus pluvialis)
is the highest producer of astaxanthin, with 1-5% of its
biomass (Oslan et al. 2021a, 2021b). Astaxanthin is a
keto-carotenoid pigment widely used across industries
such as food, cosmetics, medicine, and animal feed, and
is recognized for its powerful antioxidant properties
(Wilawan et al. 2024). According to Global Market
Insight in 2019, the market value ranged from USD 240
million to USD 600 million (de Moraes et al. 2024).

However, its cultivation requires high costs, ranging
from USD 1,500 to 5,000 per 1 kg of astaxanthin (Banerjee
and Ramaswamy 2022). Therefore, a more affordable
strategy is needed, such as using liquid digestate of palm
oil mill effluent (LDP). This is particularly suitable given
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Indonesia's high production of palm oil, which has led to
the accumulation of POME. Every 1 ton of crude palm
oil requires 5-7.5 tons of water. Approximately 50%
of the water will end up as POME (Ahmad et al. 2003;
Mahmod et al. 2022). Raw POME is usually processed
anaerobically and aerobically through a ponding system
to produce LDP, which retains nutrients such as total
nitrogen (750 mg/L), total phosphorus (180 mg/L),
potassium (924 mg/L), and magnesium (152 mg/L)
(Yashni et al. 2020) essential for microalgae.
Fernando ef al. (2021) previously reported that at
LDP levels below 7.5%, this strain accumulated biomass
of 0.5 g/L and astaxanthin of approximately 23 mg/L.
Another study was conducted by Nur et al. (2022), in
which 30% POME yielded biomass of 172.70 mg/L (Nur
et al. 2022). Moreover, this strain efficiently reduced
nutrient levels in LDP (Fernando ef al. 2021). But neither
of the two studies combined salinity stress with the
astaxanthin induction phase. Salinity is one of the stressors
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enhancing astaxanthin synthesis. The supplementation of
NacCl (0.45% v/v) improved astaxanthin accumulation
by 9.72 pg/mL (Torres-Carvajal et al. 2017), and 2 g/L.
NaCl resulted in astaxanthin accumulation of 25.92 mg/g
biomass. NaCl also doubled the expression of the bkt
(B-carotene ketolase) and chy (B-carotene hydroxylase)
genes by 2.55- and 4.65-fold, respectively (Li et al.
2022). It is also beneficial for increasing the number of
non-motile cells (palmella), which are more resistant
to higher light intensities when exposed to higher light
intensities during the astaxanthin accumulation stage (Li
et al. 2021) under the widely used two-stage cultivation
system.

In this study, we developed a three-stage continuous
cultivation system, consisting of an adaptation phase (6
days), a green phase (10 days), and a red phase (14 days).
Each stage was set to the most appropriate light intensity
to optimize the growth and astaxanthin accumulation.
The adaptation phase is needed to avoid early browning
in H. lacustris cultures. This is a crucial concern as
cultures experiencing premature browning enter the
astaxanthin induction stage with insufficient biomass,
resulting in lower yield. An adaptation phase is needed
to spur optimal growth before the culture is exposed to
high light intensity. In addition, in this study, NaCl was
also added at the beginning of the astaxanthin induction
phase (red phase) to induce more non-motile cells that
are more resistant to high light intensity. Therefore, here
we evaluated the growth and productivity of H. lacustris
in media containing LDP with NaCl supplementation
under that system.

2. Materials and Methods

2.1. Culture Conditions
2.1.1. Media Selection

H. lacustris UTEX 2505 (obtained from the
University of Texas) was inoculated into different
media, consisting of BG-11, C-Medium, Mes-Volvox,

Table 1. The characteristics of liquid digestate of POME (LDP)

and BBM, and cultivated for 7 days under 3,500 lux,
18°C, 24:0 1/d, pH 6.8, and aerated with filtered air.

2.1.2 Optimization of Light Intensity

During the first 6 days of incubation, the cultures
were exposed to different light intensities (300, 600, and
900 lux) in MES-Volvox. The cultivation continued at
the green stage optimization phase under the same light
intensity (1,200 lux) for 10 days, with a temperature of
18°C, 24:0 1/d, pH 6.8, and aerated with filtered air.

2.1.3. Optimization of LDP Concentrations
Prior to use, LDP was filtered and diluted into MES-
Volvox media at concentrations of 0%, 3.75%, 7.5%,
and 11.5%, and sterilized at 15 1bs, 121°C, 15 minutes.
The culture was cultivated under 600 lux (days 0-6) and
1,200 lux (days 6-16), at a temperature of 18°C, 24:0
1/d, pH 6.8, and aerated with filtered air. Meanwhile, the
characteristics of the LDP are presented in Table 1.

2.1.4. The Effect of NaCl under the Three-Stage
Continuous Cultivation System

This three-stage continuous cultivation system was
adapted from the commonly used two-stage cultivation
strategy. For instance, in a study by Liyanaarachchi
et al. (2020), light intensity during the green stage
was 2,000 lux and increased to 5,000 lux during the
astaxanthin induction phase. Here, the system was
conducted with modifications in light intensity and NaCl
enrichment during the red phase. The system consists
of the adaptation stage (days 0-6) under 600 lux, the
green stage (days 6-16) under 1,200 lux, and the red
stage (days 16-30) under 3,500 lux, without media
replacement. In this system, culture was incubated using
MES-Volvox containing 3.75% LDP. On day 16", NaCl
was supplemented at concentrations of 0 g/L, 1 g/L, and
2 g/L, under 18°C, 24:0 1/d, pH 6.8, and aerated with
filtered air.

Parameters
COD (Chemical oxygen BOD (Biological TDS (total dissolved TSS (total Total phosphate Ammonia
demand) (mg/L) oxygen demand) solid) (mg/L) suspended solid) (mg/L) (NH3-N) (mg/L)
(mg/L) (mg/L)
1478.1 9.3 4250 93 3.14 0.68
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2.2. Cell Density and Biomass
Cell density was calculated using a haemocytometer

using the formula (Husna et al. 2020; Asiandu et al.
2023):

number of cells
in 4 chambers

x 1x 10*
4

Density (cells / mL) =

The biomass was estimated by centrifuging 1 mL of
the sample for 5 minutes at 10,000 rpm. The pellet was
collected and dried in an oven at 60°C for 12 hours.
Biomass was calculated using the formula (Husna et al.
2020; Asiandu ef al. 2023):

final weight - initial weight
1 mL

Biomass (g/L) =

2.3. Growth Kinetic Modeling

The growth model under the three-stage continuous
cultivation system was performed using the Logistic,
Gompertz, and Richards models (Phukoetphim et al.
2017; Hanief et al. 2020; Asiandu et al. 2023) using the
formula:
Logistic model:

Xo.exp (1, .1)

1-[( )é) (1-exp (0]

max

o

Where X refers to cell density, X is the initial density,
X .. 1s the maximum cell density, and p__ refers to the

max

maximum specific growth rate (d).

Gompertz Model:
r..exp (1)
x=Xo+[X .expl[-exp ((x—) (-0 +1]
R=(1-2R
SST

Where r_ refers to maximum cell production, 7, lag
time, SSR sum square residual (the difference between
the observed data and the predicted model), and SST
sum square total (The total variation of the original data
toward the mean value of the data).

Richards model:

y=A(+vexp [k(t-t))"/

Where A is the asymptotic of In X /X as t decreases, t
is the residence time (day), v and k are shape parameters,
and 7 is the time at the inflexion point (Richards 1959;
Lam et al. 2016).

2.4. Carbohydrate Estimation

Carbohydrate content was estimated using the
phenol-sulfate method with a glucose standard curve
(0.025, 0.05, 0.1, 0.25, and 0.5 g/L) to which 1 mL of
5% phenol and 5 mL of H,SO, were added and incubated
for 10 minutes. The mixture was then incubated at room
temperature for 15 minutes. 10 mL of the sample was
centrifuged at 3,300 rpm for 15 minutes. The pellet was
washed, centrifuged at 3,300 rpm for 10 minutes, then
mixed with 0.5 mL of 5% phenol and 1 mL of H,SO,
and incubated for 30 minutes. Carbohydrate estimation
was performed by taking 2 mL of the sample, measured
at 490 nm using a UV-Vis Spectrophotometer Genesys
150 (Thermo Scientific) (Suyono et al. 2016; Asiandu
et al. 2023).

2.5. Protein Estimation

Protein content was estimated using the Bradford
method by taking 2 mL of the sample, centrifuging at
5,000 rpm for 10 minutes. The pellet was mixed with
10% SDS, vortexed, incubated at 95°C for 5 minutes,
and then incubated in a freezer for 5 minutes (Nurafifah
etal. 2023a). 20 uL of supernatant was taken and added
to 820 pL of distilled water and 1,000 uL of Bradford
reagent. A standard curve was prepared using Bovine
Serum Albumin (0, 20, 40, 60, 80, and 100 ppm). Protein
concentration was measured at 595 nm.

2.6. Lipid Estimation

Lipid content was determined using the modified
Bligh & Dryer method by centrifuging 10 mL of the
sample for 15 minutes at 4,000 rpm. The pellet was
treated with 1 mL chloroform and 2 mL methanol (Husna
et al. 2020) and incubated for 2 hours at 120 rpm. Then,
the mixture was combined with 3 mL of 0.9% NaCl and
1 mL of chloroform, homogenized, and centrifuged to
complete the separation. The lipid layer (bottom) was
collected, dried using an oven, and weighed to determine
the final weight.

2.7. Pigment Analysis
The estimation was performed using a 5 mL sample,
which was centrifuged for 10 minutes at 4,000 rpm. The
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pellets were mixed with 2 mL of methanol, wrapped in
aluminum foil, and incubated at 70°C for 10 minutes. The
mixture was homogenized and centrifuged at 6,000 rpm
for 10 minutes. The extract was measured at wavelengths
0f470, 664.2, and 648.6. Chlorophyll contents (Mourya
et al. 2023) and total carotenoids (Nurafifah ez al. 2023b)
were calculated based on the Lichtenthaler & Wellburn
method using the formula:

Chlorophyll a = 13.36 x Abs,,, —5.19 x Abs,,, .
Chlorophyll b = 27.43 x Abs, . . —8.12 X Abs,, ,
Total chlorophyll = 5.24 x Abs, , +22.24 x Abs_,

Total carotenoids =4 x A 150

2.8. Astaxanthin Extraction and Estimation

Astaxanthin was extracted by centrifuging a 10 mL
sample at 4,000 rpm for 10 minutes. Pellet was mixed
with 5 mL of 5% KOH and 5 mL of 30% (v/v) methanol,
and incubated at 70°C for 5 minutes. The mixture was
re-centrifuged, the pellet was washed with aquadest 3
times, extracted with 5 mL of DMSO (99%), incubated
for 10 minutes at 70°C. The extract was measured at
a wavelength of 492 nm and determined based on the
formula (Boussiba and Vonshak 1991; Liu and Yildiz
2019):

C (mg/L) =4.5x Abs,,, x Va/ Vb

Where C refers to astaxanthin content (mg/L), Va is
the total volume of astaxanthin extract, and Vb is the
sample/culture volume.

2.9. Data Analysis

Data were visualized using OriginPro 2025b
software. Principal Component Analysis (PCA) was
conducted by using metaboanalyst.ca. The overall effect
of all treatments was analyzed using a repeated-measures
ANOVA with a post hoc test based on the Friedman
test. In contrast, the effect of treatment on each day was
analyzed using a one-way ANOVA. Post Hoc tests were
performed using Tukey HSD and Bonferroni Multiple
Pairwise Comparisons. Data were analyzed using IBM
SPSS at a 95% confidence level.

3. Results
3.1. Media Selection

Media affects the density and biomass of this
carotenoid-rich microalgae (Figure 1), where the

highest density was achieved on day 5, at 8.83 x 10*
cells/mL, in MES-Volvox medium. Meanwhile, the
cell density in other media was less than 5 x 10* cells/
mL. However, the treatment was not significantly
different (»p>0.05). Similar to density, biomass was
also consistent with the type of media, although not
significantly different (»>0.05). The highest biomass
was achieved in MES-Volvox (0.8 g/L), followed by
BBM, BG-11, and C-Media, with maximum biomass
of 0.73 g/L, 0.4 g/L, and 0.5 g/L, respectively.

3.2. Optimization of Light Intensity

Exposure to different light intensities during the
adaptation stage (Figure 2) significantly affected
the growth of H. lacustris (p<0.050). At higher light
intensities (600 and 900 lux), cell density was higher
than at low light intensities (300 lux). The highest cell
density was observed at 600 lux, followed by 900 lux
and 300 lux. Exposure to 600 lux for the first 6 days
resulted in a maximum microalgae density of more
than 100 x 10* cells/mL. Similar to density, the highest
biomass was observed in the 600 lux treatment during
the 6-day adaptation period (0.8 g/L). However, the
difference in maximum biomass was quite fluctuating
and not significantly different (p>0.05 ).

Light also affects the pigment (p<0.05) and primary
metabolites (Table 2). In this study, the highest
chlorophyll a content was found at 900 lux, followed
by 600 lux and 300 lux, at 7.42+1.43 mg/L, 7.04+0.60
mg/L, and 4.25+1.28 mg/L, respectively. Similar to
chlorophyll a, the highest chlorophyll b content was
also observed at 900 lux, followed by 600 lux and 300
lux, at 4.56+0.93 mg/L, 4.11+0.44 mg/L, and 3.28+1.20
mg/L, respectively. A similar pattern was also observed
for total chlorophyll content, with each treatment
producing total chlorophyll levels of 11.124+2.17 mg/L,
11.15+1.01 mg/L, and 7.52+2.38 mg/L, respectively.
Additionally, total carotenoid content also followed the
same trends, with 3.71+0.45 mg/L, 3.02+0.33 mg/L,
and 2.504+0.24 mg/L, respectively. Furthermore, lipid
content was higher at lower light intensity, although, in
general, it was not significantly different (p>0.01). The
maximum lipid content in each treatment (300-900
lux) was 0.36+0.06 g/L, 0.36+0.06 g/L, and 0.27+0.03
g/L, respectively.

3.3. Optimization of LDP Concentrations

The concentration of LDP (Figure 3) significantly
affected the density and biomass of the microalgae
(»<0.05). Cell density in treatments containing LDP
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Figure 1. (A) cell density and (B) biomass of Haematococcus lacustris under different media

(3.7-11.5%) was much lower than in the control
(MES-Volvox). In the control, cell density peaked
at 86.35 x 10* cells/mL. Meanwhile, in treatments
containing 3.75%, 7.5%, and 11.5% LDP, 55.45 x 10*
cells/mL, 36.90 x 10* cells/mL, and 24.27 x 10* cells/
mL, respectively. The average biomass during the 16-
day cultivation period showed significant differences
(»<0.05), although it fluctuated day to day. The highest
biomass was observed in the treatment containing 7.5%
LDP, at 0.8 g/L.

The LDP concentration also affects the pigment
and primary metabolite contents (Table 3). The highest
chlorophyll ¢ was found in the medium containing

3.75% LDP (4.10+0.61 mg/L). On day 16, the
chlorophyll a content of each group was 2.00+0.09
mg/L, 2.24+0.32 mg/L, and 1.96+0.40 mg/L,
respectively. Similar to chlorophyll a, the maximum
chlorophyll » in each treatment was not significantly
different from the control, with the highest value
observed in the 3.75% LDP treatment (2.1840.57).
Furthermore, total chlorophyll also showed the
same trend, with the highest concentration reaching
6.28+0.63 mg/L in the same treatment. Slightly
different from chlorophyll content, total carotenoids
between treatments differed significantly (p<0.05),
where 3.75% LDP increased total carotenoids on day
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Figure 2. (A) cell density and (B) biomass of Haematococcus lacustris under different light intensities

Table 2. Pigment and lipid contents of Haematococcus lacustris under different light intensities
Days Light intensities (lux) Chla (mg/L) Chlb (mg/L) Total chlorophyll (mg/L) Total carotenoids (mg/L)  Lipid (g/L)

300 0.74+0.14¢ 0.48+0.12° 1.22+0.07° 0.32+0.07° 0.17+0.00?
0 600 0.43£0.10° 0.41+0.02* 0.85+0.03 0.23+0.03% 0.17+0.00*
900 0.13+0.10* 0.34+0.02¢ 0.47+0.032 0.14+0.03* 0.17+0.00?
300 2.02+0.32° 1.51+0.072 3.54+0.38* 1.11£0.15° 0.27+0.08*
4 600 2.76+0.21° 1.91+£0.15* 4.67+0.35° 1.54+0.12° 0.28+0.02*
900 3.63+0.15° 3.02+0.49° 6.65+0.48° 2.11+0.08° 0.27+0.03*
300 2.89+0.39* 2.42+0.25* 5.31+0.49* 1.75+0.16* 0.36+0.06*
8 600 5.10+1.00° 3.07+0.84* 8.17+1.85 2.74+0.51° 0.35+0.05°
900 4.86+0.43° 3.70+0.67* 8.57+1.08° 3.08+0.33° 0.23+0.06*
300 4.25+1.28° 3.28+1.20* 7.52+2.38* 2.13+0.46* 0.36+0.06°
12 600 7.04+0.60° 4.11+0.44* 11.15+1.01* 3.02+0.33° 0.36+0.07*
900 5.71+0.43* 4.56+0.932 10.27+1.29* 3.02+0.16° 0.18+0.03*
300 4.01+0.58* 2.22+0.28* 6.23+0.81* 2.50+0.24 0.33+0.05°
16 600 4.89+1.56™ 2.80+0.60% 7.69+2.15° 2.85+0.62%* 0.30+0.05°
900 7.42+1.43° 3.70+0.75° 11.124£2.17° 3.71+0.45° 0.14+0.06°

bars sharing different letters are significantly different at p<0.05
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Figure 3. (A) cell density and (B) biomass of Haematococcus lacustris under different LDP concentrations. Bars sharing different letters

are significantly different at p<0.05

16 to0 2.76+0.70 mg/L. The treatment containing 3.75%
LDP also yielded the highest astaxanthin content,
0.60+0.16 mg/L (not significantly different from the
other treatments, p>0.05).

Meanwhile, the carbohydrate and protein content
of each treatment did not differ significantly (»p>0.05).
Unlike these two primary metabolites, lipid content
differed significantly between treatments (p<0.05),
although it fluctuated considerably from day to day.

3.4. The Effect of NaCl under the Three-Stage
Continuous Cultivation System

NaCl enrichment at 1 g/L and 2 g/L (only on the 16"
day) did not significantly reduce the density (Figure

4) or biomass (Figure 5) of the microalgae (p>0.05).
The cell density in the treatments containing 1 g/L
and 2 g/L NaCl, and in the control, peaked at 91.54
x 10* cells/mL, 61.52 x 10* cells/mL, and 92.40 x 10*
cells/mL, respectively. Meanwhile, the growth kinetics
modelling is presented in Table 4. The umax in the
logistic model shows the maximum growth rate of H.
lacustris per day. The higher the value, the higher the
cell growth rate. In this study, the growth rate in the
control was higher than in the other treatments. This
is also synchronized with the density; the control was
higher than the treatment. The value of pmax in the
Gompertz model represents the maximum specific
growth rate, while A represents the time required for the
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Table 3. Pigment and primary metabolite contents of Haematococcus lacustris under different LDP concentrations
Days LDP (%) Chla(mg/L) Chlb(mg/L) Totalchl Carotenoids Astaxanthin Carbo (g/L) Protein (mg/L) Lipid (g/L)
(mg/L) (mg/L) (mg/L)

0 0.74+0.14* 0.48+0.12*  1.2240.25* 0.32£0.06*  0.04+0.02* 0.29+0.09°  47.58+3.90*  0.27+0.06°
0 3.75 0.70+0.11° 0.47+0.14*  1.16+£0.25*  0.30+0.06*  0.03£0.02* 0.29+0.06*  51.17+7.34*  0.31+0.07*
7.5 0.77£0.15* 0.45+0.17*  1.22+0.27*  0.32+0.08* 0.07£0.04>  0.34+0.07*  51.82+7.79* 0.16+0.04*
11.5 0.91+0.20* 0.48+0.16*  1.39+0.35*  0.36+0.07* 0.06+0.01*  0.39+0.03*  49.24+4.11* 0.17+0.032
0 1.25+0.09¢ 0.94+£0.08*  2.19+0.17° 0.51+0.04> 0.07+£0.03* 0.43+0.12*°  52.08+1.79* 0.16+0.03*
4 3.75 1.08+0.17%  0.94+0.22*  2.03+0.39° 0.50+0.10° 0.08+0.03* 0.47+0.06*  51.07+1.48 0.17+0.03*
7.5 0.82+0.02®  0.67+0.28*  1.50+0.30®® 0.38+0.06® 0.06+0.01* 0.47+0.03*  54.28+3.58* 0.07+0.03*
11.5 0.70+0.072 0.52+0.13*  1.22+0.14*  0.32+0.03*  0.06+0.03* 0.47+0.06*  55.78+0.81° 0.14+0.04*
0 1.82+0.56° 1.31+£0.10°  3.13+£0.58°>  0.94£0.12° 0.14+0.06*° 0.26+0.03*  42.07+2.90° 0.30+0.06°
8 3.75 1.55+0.24®  0.84+0.13*  2.39+0.35®  0.63+£0.10°  0.14+0.05* 0.27+0.03°  43.244+2.08*  0.25+0.02"
7.5 1.00+0.21*®  0.67+0.17*  1.68+0.35*  0.53£0.06* 0.15+0.02*° 0.29+0.03*  48.13+4.74° 0.12+0.02*
11.5 0.89+0.15* 0.54+0.16*  1.4240.31*  0.41£0.09°  0.12+0.03* 0.32+0.03*  46.79+4.47*  0.18+0.06
0 2.16+0.37° 1.42+0.45*  3.58+0.45* 1.63+£0.21*  0.40+£0.07° 0.44+£0.03*  50.38+1.35*  0.26+0.0.3°
12 3.75 2.73+0.18° 1.53+0.34*  4.26+0.42*  1.2740.08° 0.35+0.06*° 0.46+0.02*°  51.44+1.46*  0.21+0.05®
7.5 2.214+0.45° 1.05+£0.48*  3.26+0.21* 0.94+0.16> 0.39£0.10° 0.45+0.02*  52.47+1.63° 0.11+0.02°
11.5 1.18+0.21* 0.51+0.18*  1.69+0.37*°  0.4740.11*  0.25£0.08° 0.42+0.10°  52.46+2.23*  0.17+0.07*
0 2.00+0.09* 1.12+£0.09*  3.12+0.18*  2.46+0.12*  0.48+0.06* 0.47+0.02*  48.92+3.62° 0.18+0.01?
16 3.75 4.10+0.61° 2.18+0.57*  6.28+0.63*  2.76+0.70° 0.60+0.16> 0.49+0.02*  49.80+2.96° 0.15+0.03*
7.5 2.24+0.32° 1.12+£0.52*  3.36+0.70*  1.19+0.61* 0.49+0.17* 0.46+0.02*  52.20+3.85° 0.15+0.05*
11.5 1.96+0.40° 1.14+0.20*  3.10+0.61* 1.04+0.24*° 0.35+£0.13* 0.45+0.02*  46.68+1.79° 0.17+0.06*

bars sharing different letters are significantly different at p<0.05
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Table 4. Growth kinetic modelling

Parameters
Model Treatments @) R
0g/L 0.12 0.86
Logistic model 1g/L 0.15 0.91
2g/L 0.14 0.95
umax 7\4 R2
0g/L 5.30 7.67 0.92
Gompertz model 1g/L 5.55 7.66 0.94
2 g/L 2.60 1.05 0.93
lJ'max v R?
0g/L 0.34 0.48 0.94
Richard model 1g/L 0.34 0.55 0.96
2 g/L 0.19 0.81 0.96

culture to enter the exponential phase. The higher the A
value, the longer the cell adaptation period to enter the
exponential phase. Based on our study, the adaptation
period in the control and the media containing 1 g/L

NaCl was 7.67 and 7.66 days, respectively, longer than
in the 2 g/L treatment (1.05 days). The value of v in
the Richard model shows the symmetry parameter of
the microalgae growth curve. In this study, the value
of v is <0.1. It can be inferred that, after completing
the adaptation phase, the cells entered the exponential
phase, characterized by rapid growth.

Also, the biomass, carbohydrate, and protein
content (Figure 5) in each treatment did not differ
significantly (p>0.05). However, the maximum
biomass was found in the 1 g/L treatment, which
reached a biomass of 1.07 g/L. The carbohydrate and
protein were relatively similar, at 0.36 g/L. and 0.60
mg/L, respectively. Conversely, variations in NaCl
concentration significantly affected final lipid content
(»<0.05). The addition of NaCl reduced lipid content,
as the control accumulated the highest lipid content
among all treatments (0.41 g/L).



Furthermore, NaCl variation also had no significant
effect on chlorophyll and total carotenoid content
(»>0.05) (Figure 6). However, there was a significant
effect (p<0.05) on cultivation days (0-30 days), with
the highest chlorophyll content for each treatment
occurring on day 16 (before NaCl exposure). The total

3.0
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chlorophyll in each treatment reached 2.78 mg/L, 3.03
mg/L, and 3.14 mg/L, respectively. Slightly different
from chlorophyll, total carotenoids continued to
increase from day to day and peaked on day 30. The
total carotenoid content in each treatment reached
1.80 mg/L, 1.75 mg/L, and 0.96 mg/L, respectively.
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In contrast to chlorophyll and total carotenoids, each
treatment had a significant effect on astaxanthin content
(»<0.05). The highest astaxanthin content was found in
the 1 g/L NaCl (0.83 mg/L).

3.5. Principal Component Analysis (PCA)
Based on PCA, the effects of LDP and NaCl on
the growth, biomass, and metabolite content of H.
lacustris are shown in Figure 7. Regarding the effect
of LDP concentration, the combination of PC1 (56.1%)
and PC2 (18.8%) accounted for 74.9% of the total data

variation, which is sufficient to describe the overall
data. Visually, there are four relatively clear clusters
representing each treatment (0%, 3.7%, 7.5%, and
11.5%) marked with different colors. The separation of
these clusters indicates the effect of treatment on the
physiology and metabolism of H. lacustris. Based on
its magnitude, the 7.5% treatment is farther from the
baseline, indicating positive PC1 and negative PC2.
This indicates the strongest response compared to
the other groups. The 11.5% group shows a moderate
response in the mid-range of PC1. The 3.5% group is
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still in the adaptive zone, which has not reached the
peak metabolic response, which is located close to the
baseline. Meanwhile, the control group (0%) is at the
bottom, indicating negative PC1 and PC2, suggesting
relatively lower internal variability than the other
treatment groups.

Based on PC1 (56.1%), the control group (0%) and
the 3.7% treatment group showed a negative PC1 value
orientation. The other treatments (7.5% and 11.5%)
showed identical positive PC1 values. Positive PC1 itself
is strongly associated with carbohydrates and proteins.
Meanwhile, other parameters, including density,
biomass content, chlorophyll, carotenoids, lipids, and
astaxanthin, are associated with negative PC1. These
results indicate a metabolic trade-off between growth
metabolism and carbohydrate and protein accumulation.
The PC2 gradient (18.8%) is highly correlated with
the accumulation of photosynthetic pigments and
astaxanthin in H. lacustris. Based on the biplot, a
positive or unidirectional correlation of observed
between photosynthetic pigments (carotenoids and
astaxanthin) and a positive correlation with protein and
carbohydrate content. This indicates a metabolic shift
in the culture caused by stress, such as the addition
of LDP containing high COD. This stress causes the
growth pathway to shift towards energy storage in cells
to maintain survival.

Overall, based on the PCA pattern, treatments with
low LDP (0-3.75%) tended to have higher growth rates,
biomass accumulation, and photosynthetic activity
compared to other treatments. In treatments with higher
LDP (7.5% and 11.5%), cells showed a stress response
that forced them to implement a series of strategies to
maintain survival, such as synthesizing astaxanthin
as an antioxidant, decreasing photosynthesis rate, and
increasing the accumulation of food reserves.

Meanwhile, in the NaCl treatment, the combination
of PC1 (61.6%) and PC2 (17.8%) accounted for 74.9%
of the total data variation, which was also quite high in
describing the overall data. Visually, based on the score
plot, there were three distinct clusters corresponding
to the three treatments (0 g/L, 1 g/L, and 2 g/L). The
control group (0 g/L) shows an overlapping relationship
with the 1 g/L group, indicating that the two groups
have almost identical responses. This means that the
response of H. lacustris to the administration of 0
g/L and 1 g/LL NaCl is almost the same in terms of
cell metabolism. However, it differs from the 2 g/L
treatment group, which is separated from the other
two. Higher NaCl concentrations showed differences in

cellular response, so that the score plot separated from
the other treatments along PC1 (negative).

Based on its magnitude, the 2 g/L treatment group is
farther from the origin (0.0), especially on the negative
side of PC1 and PC2. This indicates that the higher
the salinity concentration, the greater its effect on the
metabolism. The treatment points are located in the
lower left quadrant, indicating a negative response of
NaCl concentration to cell growth and photosynthetic
activity. Meanwhile, the other treatment groups (0 g/L
and 1 g/L) tend to be closer to the origin, indicating
that lower salinity concentrations are associated with
smaller differences in cell metabolism and physiological
conditions. The treatment points are located in the
upper quadrant, indicating a positive correlation with
growth and photosynthetic activity.

Based on the biplot, density, astaxanthin, lipids,
and carotenoid content are positively correlated with
each other but negatively correlated with chlorophyll
content. This means that an increase in carotenoid
and astaxanthin content correlates with higher cell
density and lipid content. Meanwhile, the protein and
carbohydrate content show opposite trends. This may
occur due to the utilization of these energy sources
when cells are under stress. Based on these results,
it can be seen that treatments with lower salinity
produced higher densities, photosynthetic pigments,
and astaxanthin than those with higher salinity. High
salinity causes physiological stress, leading to lower
biomass and metabolite yields. Excessive NaCl
concentrations are toxic, disrupting cell metabolism.

4. Discussion

4.1. Media Selection

The cell density in this study was lower than in
previous studies, which reported that cell density in
BBM medium peaked at more than 75 x 10* cells/
mL (Marinho et al. 2021) and in BG-11 at 79 x 10*
cells/mL (Imamoglu 2007). The lower density in this
study compared to previous studies was hypothesized
to be due to lower starter concentrations (20%) and
starter density (£2.3 x 10* cells/mL), as well as the
domination of non-motile cells in the starter, which
have a slower growth rate than motile cells. This is due
to the limited performance of our initial starter culture,
which was newly developed and not yet optimized in
our laboratory. However, the same strain, H. pluvialis
UTEX 2505, reported in another study achieved a
lower cell density in MES-Volvox than in this study,
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with less than 2x104 cells/mL (Takeshita et al. 2024).
This variation is thought to be due to strain
compatibility with the media. For example, MES-
Volvox provides two types of nitrogen sources in the
form of nitrate and ammonium, allowing cells to divide
more optimally (Oslan et al. 2021a) as nitrogen is an
essential element for DNA, protein, and chlorophyll
synthesis in microalgae. Meanwhile, in other media,
the nitrogen source is only available in the form of
nitrate, which requires a reduction series of nitrate
and nitrite. Additionally, MES-Volvox contains MES
buffer to balance media acidity, as pH limits its growth
(Sipauba-Tavares et al. 2022).

Moreover, biomass obtained in this study was
relatively higher than in a prior investigation, which
yielded less than 0.5 g/L (Takeshita et al. 2024). The
type of nitrogen available in the medium also affects
cell size and biomass content. The size of motile cells
in H. lacustris ranges from 2-10 pm, while non-motile
cells may grow to a size of 40 pm (Zhang et al. 2018).
The larger and denser the cells, the higher the biomass.

4.2. Optimization of Light Intensity

Two-stage cultivation with different light intensities
consistently generated higher astaxanthin content; this
system showed 2.5-5x% higher productivity than a one-
stage system (Aflalo et al. 2007). Based on the present
study and the previous study by Wongsnansilp and
Khamcharoen (2024), the vegetative growth requires
lower light intensity, for example, 5 pmol photons/
m/s, then increases to 30 pumol photons/m/s during
the astaxanthin induction stage. This system produced
enhanced biomass of up to 0.43 g/L with astaxanthin
of 6.75 mg/L (Wongsnansilp and Khamcharoen 2024).
Meanwhile, the density obtained in this study was
higher than in a previous study, where the cell density
at a light intensity of 2,000 lux was only more than 14
x 10* cells/mL (Galvao et al. 2013).

Light is necessary for chlorophyll synthesis.
Insufficient light reduces chlorophyll synthesis, but
excessive light causes photooxidative damage to
the photosynthetic apparatus. Excessive intensity
stresses the cells and transforms motile cells into
non-motile cells, which have thicker cell walls to
prevent photooxidative stress due to light exposure
(He et al. 2020). At the beginning of its growth, H.
lacustris possesses two flagella that actively swim
(microzooid). However, under unfavorable conditions,
the cell undergoes deflagellation, cell wall thickening,
and morphological shift to become palmella (round).

These conditions also increase cell size and change
the color to greenish-orange (Oslan et al. 2021a), as
stress stimulates carotenoid synthesis (Ota et al. 2018).
Over time, the cell wall becomes thicker (Oslan et al.
2021a) and contains a thick algeenan, which is resistant
to acetolysis and high light intensity (Butler ez al. 2018;
Oslan et al. 2021a).

Under continued environmental stress, such as
exposure to high light intensity and high salinity,
palmella turns into aplanospores (cysts) that accumulate
more astaxanthin (Bacsi et al. 2018). Under these
unfavorable conditions, cellular metabolism produces
excessive ROS, leading to oxidative stress and cell
death. For example, exposure to high light intensity
causes photosystem over-reduction due to excessive
solar energy absorption, leading to the accumulation of
superoxide anions and triplet chlorophyll. To overcome
this problem, the cell undergoes the synthesis of
astaxanthin as an antioxidant. ROS were reported to
increase the activity of enzymes involved in astaxanthin
biosynthesis, especially [-carotene ketolase and
B-carotene hydroxylase (Cray and Levine 2022).

Conversely, under light stress and high ROS
accumulation, chlorophyll production in microalgae
cells decreases. This happens because excessive light
leads to light saturation, damage to the photosynthetic
apparatus, and other cellular damage. Meanwhile,
the production of carotenoids such as astaxanthin
is upregulated, as they serve as the main antioxidant
source, mitigating excessive ROS accumulation and
protecting the cell from photoinhibition (Simkin et al.
2022; Huang et al. 2025). Therefore, the light intensity
during the microalgae growth stage must be adjusted
accordingly.

In this study, light exposure was continuous,
24:0 (I/d). This photoperiod optimizes the growth of
microalgae cells, as reported in previous studies. The
highest cell density was found at light intensities of
24:0 and 20:4, with a density of 38 x 10* cells/mL
(Sipauba-Tavares et al. 2022). Similarly, in another
study, 24:0 light exposure resulted in biomass of up to
0.95 g/L, higher than in 12:12, which had only 0.42 g/L
(Wong et al. 2016). However, cell density and biomass
in this strain are not always linear, considering that
there are four different cell types with distinct sizes,
consisting of microzooid (x10 pm), macrozooid (10-
20 pm), palmella (>20 pm), and aplanospore (>50 pm)
(Butler et al. 2018; Soni et al. 2022).

Moreover, modulating the optimal light intensity
stimulates maximum chlorophyll synthesis in
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microalgae, as light is the primary energy source
for photosynthesis. In a previous study, H. lacustris
cultivated on BG-11 exposed to lower light intensity
(35 pmol photons/m/s) produced chlorophyll a,
chlorophyll b, and total chlorophyll (0.54 mg/L, 0.56
mg/L, and 1.1 mg/L, respectively) that were much
higher than those exposed to high light intensity (140
pmol photons/m/s), with only 0.01 mg/L for each
chlorophyll content (Lutzu et al. 2024).

During the astaxanthin induction stage, higher
light intensity is essential to modulate the expression
of genes involved in astaxanthin biosynthesis. For
instance, when exposed to 150 pumol photons/m/s of
white light, the expression of the psy (1.5%), crtO (more
than 5x), and bkt (more than 0.8%) genes increased
compared to the control. The increase in psy gene
expression correlates directly with phytone synthesis.
crtO plays an important role in converting p-carotene
to zeaxanthin and canthaxanthin, while bkt converts
these two compounds to astaxanthin (Ma et al. 2018).

In contrast to the previous study, lipid content
decreased with increasing light intensity. In the earlier
report, at higher light intensities (60 umol photons/m/s),
lipid accumulation reached more than 41% higher than
the lower light intensities (16 pmol photons/m/s) (Zarei
and Zamani 2024). High light intensity modulated
the expression of genes involved in lipid synthesis,
such as fata and dgat (Ma et al. 2018). Increased
lipids may correlate with increased astaxanthin, as
astaxanthin is stored in lipid droplets. Notably, 78.8%
of total astaxanthin is present in the form of astaxanthin
monoesters, 20.5% astaxanthin diesters, and 0.7% free
(Todorovic et al. 2021).

4.3. Optimization of LDP Concentrations

LDP reduced cell density due to its toxicity,
caused by high levels of BOD and COD that block
light penetration and induce self-shading in cultures,
ultimately inhibiting photosynthesis. This wastewater
contains high levels of oil, lignin, ferulic acid, and
4-hydroxybenzoic acid, which are toxic to microalgae
cells (Srinuanpan et al. 2019; Abu Sepian et al. 2022).
However, the biomass obtained in this study was higher
than in previous studies: only 0.14 g/L. under 30% LDP
(Nur ef al. 2022) and less than 0.6 g/L under 7.5% LDP
(Fernando ef al. 2021).

Furthermore, the increase in chlorophyll content
in the treatment containing 3.75% LDP may be due to
LDP providing more nutrients, in the form of carbon,
nitrate, nitrite, and ammonium (Pascoal et al. 2021).
LDP also provides sufficient phosphate for microalgae
cells, which are essential for ATP synthesis (Kumaran
et al. 2023). In this study, LDP enrichment of LDP did
not increase or decrease chlorophyll content (p>0.06).
Therefore, it is indeed potentially used in LDP
phycoremediation for further development.

4.4. The Effect of NaCl under a Three-Stage
Continuous Cultivation System

In previous studies, the enrichment of NaCl at
certain concentrations increased the growth of H.
lacustris. For instance, 12.5 mg/L NaCl increased
biomass by up to 28% compared with the control (Li et
al. 2022), 100 mg/L NaCl increased cell density to more
than 4.5 x 10° Cells/mL, and 1 g/L NaCl increased red
cyst accumulation. NaCl was also reported to increase
nutrient uptake in the medium (Béacsi et al. 2024). NaCl
also modulated the expression of the rbcL and rbcS
genes by 2.18- and 2.78-fold, respectively, relative to
the conversion of inorganic carbon by Rubisco into
biomass (Li et al. 2022).

However, excessive NaCl concentration leads to cell
death. The enrichment of 2% NaCl enrichment caused
the cells to bleach, indicating increased metabolite
content. The higher the salinity level, the higher the
NPQ (non-photochemical quenching) value, indicating
the greater energy absorbed by photosystem II that
is not utilized in photosynthetic electron transfer but
is dissipated in the form of heat. Salinity also affects
the reaction center of photosystem II, the oxygen-
evolving complex, disrupting electron transfer in the
plastoquinone complex and photosystem 1. Therefore,
to overcome the various negative effects of salinity, this
strain increases the production of astaxanthin, which
acts as an antioxidant (Jin et al. 2024) to counteract
free radicals and ROS caused by light intensity and
salinity (Torres-Carvajal ef al. 2017). The addition of
2 g/L NaCl increased total astaxanthin levels by 2.9
times and 2.7 times those of the control in one-stage
and two-stage culture systems (Jin et al. 2024).

NaCl also increased the number of non-motile cells
that are more resistant to high light intensity (Li et
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al. 2021). This aligns with the three-stage cultivation
strategy, in which light intensity is increased during
the astaxanthin induction phase, as high light intensity
is favorable for the astaxanthin accumulation stage.
Light intensity is considered one of the key factors
in astaxanthin synthesis in H. lacustris. For instance,
exposure to 150 umol photons/m/s increased the
expression of genes involved in astaxanthin synthesis
(Ma et al. 2018). This stress increased astaxanthin
accumulation in aplanospores, as shown in Figure 6.
In this new system, an adaptation phase was
introduced to avoid early browning and stress on the
culture, as it is very susceptible to high light intensity.
However, the astaxanthin content in this study was
lower than that reported by Hwang et al. (2019), where
light intensity increased from 20 pumol photons/m/s
to 200 umol photons/m/s, with astaxanthin content
exceeding 80 mg/L. This could be due to insufficient
light intensity during the astaxanthin induction phase
in this study, resulting in suboptimal astaxanthin
synthesis. This is evident from the culture's brownish
color and the cells' morphology, which were not fully
red (Figure 8). Therefore, in the next study, the light
intensity in the third induction stage must be elevated.

4.5. Principal Component Analysis (PCA)

Based on the biplot of LDP concentration (Figure
7), it can be inferred that the control (0%) tended to
have high density and biomass but low content of
other metabolites. The 3.75% treatment tended to
have higher chlorophyll, carotenoids, and astaxanthin
pigment content. While the 7.50% treatment yielded
higher chlorophyll and astaxanthin content than the
3.75% treatment, it was still lower than that of the
3.75% treatment. Meanwhile, the 11.5% treatment
showed higher protein and carbohydrate content but
lower levels of other metabolites.

At low concentrations, LDP provides additional
nutrients for cells. These nutrients can be absorbed,
assimilated, and converted into nutritional components
within microalgae cells (Teo et al. 2014; Resdi et al.
2021). However, excessive LDP concentration limits
cells' metabolism due to high levels of BOD and
COD (Talib et al. 2023). Excessive LDP can also be
toxic to cells (Azni et al. 2022) due to its high levels

of phenols and other organic acids. In this study, high
concentrations of LDP caused cell sedimentation and
transformed almost all motile microalgae cells into
non-motile cells at the beginning of the cultivation.
This is why the 0% and 3.75% treatments resulted in
higher growth, density, and photosynthetic pigments
compared to the other treatments.

Meanwhile, based on the biplot of NaCl
concentrations, the control (0 g/L) shows higher
protein and carbohydrate content. The 1 g/L NaCl
treatment tends to have fairly high lipid, astaxanthin,
total carotenoid, and density levels. Meanwhile, 2 g/L
tends to have high biomass accumulation. Based on
a previous study, the administration of NaCl at low
concentrations modulates the expression genes related
to the conversion of inorganic carbon into biomass,
which is then converted into various metabolites in
the cell (Li et al. 2022), such as the accumulation
of carotenoids, which is characterized by a reddish
change in cell color (Gao et al. 2015). However,
excessive NaCl addition (2%) caused the cells to
bleach, resulting in lower astaxanthin content (Sarada
et al. 2002). Moreover, salinity was reported to damage
the photosynthetic apparatus in microalgae (Jin ef al.
2024).

In this study, the addition of 1 g/L. NaCl resulted in
higher astaxanthin production than in the control. Low-
salinity treatment enhances growth, photosynthesis,
carbohydrate accumulation, and nitrogen assimilation-
related nr gene expression. Conversely, at high
concentrations, salinity reduces photosynthetic
activity and microalgae growth. Still, it increases cell
size, stimulates the expression of genes involved in
antioxidant enzymes, and increases the expression
of genes related to secondary metabolites, especially
carotenoids (Ren et al. 2021). Also, in this study, NaCl
reduced lipid accumulation in H. lacustris. Similar to
an older study, salinity was also reported to reduce
protein, carbohydrate, and lipid production (Jin ef al.
2024).

In conclusion, the three-stage system with 3.75%
LDP and 1 g/L NaCl demonstrated significant potential
for further development to achieve sufficient biomass
with high astaxanthin content.
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Figure 8. Culture of Haematococcus lacustris (A) day 0, (B) day 6", (C) day 16", and (D) day 30", under different NaCl concentrations (1)
0g/L, (2) 1 g/L, and (3) 2 g/L. Cell morphology of Haematococcus lacustris in day 30" under different NaCl concentrations,

(E) 0 g/L, (F) 1 g/L), and (G) 2 g/L
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