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Abstract

Upcycling CO,-rich exhaust air and nutrient-rich effluent water from recirculating aquaculture systems (RAS) into high-value
bioproducts can enhance aquaculture sustainability and promote a circular bioeconomy. This study investigated the effects
of RAS-derived CO, supplementation on the growth and astaxanthin production of the microalga Haematococcus pluvialis
cultivated in RAS water. Cultures were grown in 1.5-L photobioreactors and aerated with either ambient room air (~400
ppm CO,) or RAS exhaust air (RAS CO,; 1900-2500 ppm) at~ 18 °C, representative of Nordic RAS conditions. During the
stationary phase, room-air cultures were subdivided and aerated with either room air or RAS CO,, while RAS-CO, cultures
continued under the same aeration. All cultures were then subjected to high light (200-400 pumol photons m~2s~") to induce
astaxanthin synthesis. Compared with room air, RAS CO, increased H. pluvialis growth rate by 15%, cell density by 57%,
and dry weight (DW) by 76%. The removal of total N, NO;-N, and PO,-P exceeded 95% in all treatments. Regardless of
initial growth conditions, RAS CO, during the stress phase increased astaxanthin content by 17-19%, reaching up to 1.12%
of dry weight, and increased astaxanthin concentration by 92—119%, reaching up to 23.26 mg L™, relative to room air. These
findings indicate that CO, stripped directly from a RAS is sufficient to promote both growth and astaxanthin production in
H. pluvialis relative to ambient room air. Overall, this study demonstrates RAS exhaust CO, as a viable carbon source for
high-value astaxanthin production under realistic aquaculture operating conditions.
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Introduction

Global seafood demand is rising rapidly, while capture fish-
eries cannot expand further because of ecological limits and
regulatory restrictions (FAO 2024). Fed aquaculture has
become the primary solution to meet future seafood demand.
Aquaculture currently supplies about 50% of global seafood
and is expected to exceed 60% by 2030 (World Bank 2013;
FAO 2024). Recirculating aquaculture systems (RAS) have
emerged as technically advanced, land-based systems that
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support intensive fish farming under controlled conditions.
Unlike traditional, single-pass flow-through or net-pen sys-
tems, RAS recycle more than 90% of water through mechan-
ical, biological and/or chemical treatment units (Ahmed and
Turchini 2021). These systems substantially reduce water
demand, effluent discharge, and land footprint. They also
improve biosecurity, waste management, and environmental
control, thus supporting year-round fish production regard-
less of geographic or climatic conditions (Piedrahita 2003;
Ahmed and Turchini 2021; Bregnballe 2022; Timmons and
Vinci 2022; Ende et al. 2024). Although initial investment
and operational costs are higher than in traditional aquacul-
ture, the popularity of RAS in commercial aquaculture oper-
ations continues to expand (European Commission 2020a).

Despite their advantages, RAS unavoidably produce
side streams (nutrient-rich effluent water, CO,-rich exhaust
air) that may pose environmental and economic challenges
(Ende et al. 2024). RAS can have multiple inline treatment
units, but compounds such as nitrate (NO5-N), phosphate

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-026-03940-7&domain=pdf

Journal of Applied Phycology

(PO,4-P) (van Rijn 2013), off-flavor metabolites (e.g., geo-
smin and methylisoborneol) (Lindholm-Lehto and Vielma
2019; Ben-Asher et al. 2024), dissolved organic carbon
(DOC) and fine colloids (Chiam and Sarbatly 2011) accu-
mulate in the water over time. To maintain water quality,
5-10% of system water is typically replaced daily with fresh
water (Piedrahita 2003; Bregnballe 2022). The discharged
water can contain nutrients at levels 10-100 times higher
than those in flow-through systems (Blancheton 2007),
with PO,-P and NO;-N reaching up to 45 and 200 mg L,
respectively (van Bussel et al. 2013; Bopple et al. 2025). A
RAS producing ~ 1000 t of fish per year may release ~21 t of
nitrogen through its effluent water (Bregnballe 2022; Bop-
ple et al. 2025). If released untreated, such water can cause
eutrophication in recipient water bodies (Arbour et al. 2024;
Ende et al. 2024). In addition to nutrient-rich water, RAS
also produce CO, through fish and microbial respiration.
To maintain optimal water quality and ensure fish health,
dissolved CO, must be stripped before the water is recycled
back to fish tanks (Aslam et al. 2019; Mota et al. 2019; Tim-
mons and Vinci 2022). Degassing units such as trickling
filters or cascade columns are commonly used for this pur-
pose (Moran 2010; Timmons and Vinci 2022), which emit
exhaust air with elevated CO,.

Although often considered waste, RAS side streams
(effluent water and exhaust air) could be used as valuable
resources for cultivating microalgae. Compared to municipal
and industrial wastewaters or flue gases, RAS side streams
are relatively clean due to their origin in food production
(Ende et al. 2024). Moreover, the RAS water generally
contains a balanced mix of essential nutrients (favorable
N:P ratio) suitable for microalgal cultivation (Silkina et al.
2019; Ende et al. 2024). Since microalgal photosynthesis
is CO,-limited under ambient air (Chekanov et al. 2017),
supplementing cultures with CO,-rich RAS exhaust air can
increase growth rate, biomass yield, and nutrient uptake.
Thus, not only nutrient-rich effluent water but also CO,-rich
exhaust air from RAS can be harnessed for microalgal cul-
tivation (Pirhonen et al. 2023; Hiltunen et al. 2026). This
approach provides a synergistic bioremediation strategy
that simultaneously recovers nutrients, captures CO,, and
produces valuable biomass. As a biological alternative to
conventional physicochemical treatments, microalgal biore-
mediation of RAS effluents promotes resource efficiency,
minimizes environmental hazard, and transforms waste into
bioproducts. This approach supports EU goals for low-car-
bon food and feed production, sustainable aquaculture, and
climate change mitigation, while aligning with circular bio-
economy principles and global sustainability goals (United
Nations 2015; European Commission 2020b; 2021).

The microalga Haematococcus pluvialis (syn. H. lacus-
tris) is of particular interest because it synthesizes astax-
anthin, a ketocarotenoid with high antioxidant capacity.

@ Springer

This freshwater, unicellular, green microalga transitions
from green, motile vegetative cells to red, non-motile cysts
(aplanospores) under stress conditions such as high light
and nutrient deprivation (Boussiba and Vonshak 1991; Shah
et al. 2016). This green-to-red phase transition involves
morphological and biochemical changes, including deflag-
ellation, secondary cell wall thickening, and intracellular
accumulation of astaxanthin (up to 5% per dry weight), as a
protective response to oxidative stress (Boussiba and Von-
shak 1991; Boussiba et al. 1999; Boussiba 2000; Shah et al.
2016; Hu et al. 2019, 2020). Astaxanthin is widely used in
aquaculture as a pigmentation and health-promoting feed
additive (Lu et al. 2021; Tuan Harith et al. 2024) and it also
has applications in the nutraceutical and cosmetic industries
(Bjgrklund et al. 2022; Dutta et al. 2023). Natural astax-
anthin has been reported to have higher antioxidant capac-
ity and pigmentation efficiency than synthetic astaxanthin
(Capelli et al., 2013; Villar6 et al., 2021). However, due
to the high cost of natural astaxanthin, salmonid feeds are
currently supplemented with cheaper synthetic astaxanthin
derived from petrochemical sources (Behnam et al. 2025).
Developing sustainable and cost-effective production sys-
tems, including approaches that valorize aquaculture side
streams, may support the growing global demand for natural
astaxanthin.

Previous studies have investigated the integration of
microalgal cultivation with RAS through the simultane-
ous utilization of nutrient-rich RAS effluent water and
CO,-rich RAS exhaust air. Supplementation with CO,
(805-1166 ppm) stripped from the RAS trickling filter
enhanced the growth of H. pluvialis and Monoraphidium
griffithii compared with ambient room air (Pirhonen et al.
2023). Similarly, Scenedesmus armatus cultivated using
nitrate-rich RAS effluent water and RAS-derived CO,
(925-1619 ppm) showed improved growth under RAS CO,
compared with ambient air, while nitrate availability influ-
enced biomass production and CO, utilization efficiency
(Sucunthowong et al. 2023). In addition, Chlorella vul-
garis was cultivated using RAS effluent water and exhaust
CO, (600-1100 ppm) (Hiltunen et al. 2026). However, the
integrated valorization of RAS-derived CO, and effluent
water as complementary carbon and nutrient sources for
astaxanthin production by H. pluvialis has received limited
attention. To address this, we investigated the effect of
CO, supplementation derived from RAS on the growth and
astaxanthin production of H. pluvialis cultivated in RAS
effluent water. Cultures were aerated with either ambient
room air or RAS exhaust CO, under low-temperature con-
ditions (~ 18 “C), typical of Nordic RAS facilities, and high
light was applied at the stationary phase to induce asta-
xanthin synthesis. Growth rate, cell density, dry biomass
weight, nutrient (N, P) removal efficiencies, biochemi-
cal composition in both green- and red-phase biomass,
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and astaxanthin production were assessed and compared
between aeration treatments. We also assessed the effect
of shifting cultures grown under room air to RAS CO,
during the stress phase on astaxanthin biosynthesis and
biochemical responses.

Materials and methods
Microalgal stock and preculture conditions

Haematococcus pluvialis (syn. H. lacustris) strain K-0084
was obtained from the Norwegian Culture Collection of
Algae (NORCCA). The microalga was maintained as
stock monocultures in modified Wright’s cryptophyte
(MWC) medium (Guillard and Lorenzen 1972; Table S1).
For the experiment, H. pluvialis was precultured in 5-L
Erlenmeyer flasks with a 4 L working volume of MWC
medium at~20 °C under an 18:6 h photoperiod, and a light
intensity of 40—50 umol photons m~2s~! (6500 K fluores-
cent lamps, 36 W/965, Osram, Germany). Cultures were
continuously aerated with ambient room air (~400 ppm
CO,) using air pumps (Eheim air400, Germany). Green
vegetative cells in the early exponential phase were used
as inoculum for the experiment.

Recirculating aquaculture system water

Nutrient-rich effluent water (hereafter RAS water) was
obtained from a pilot-scale RAS operated by the Natural
Resources Institute Finland (Luke), in Laukaa, Finland.
The RAS farm sources its influent water from the oligo-
trophic Lake Peurunka (62.44886, 25.85201). No antibi-
otics were used at the RAS farm. A detailed description
of the RAS configuration and operation is provided in
Pulkkinen et al. (2021). RAS water was collected in mid-
November 2024 from the clear outflow of four RAS tanks
rearing rainbow trout (Oncorhynchus mykiss), after drum
filtration and fixed-bed bioreactor treatment. At the time of
sampling, fish had an average weight of 0.43-0.46 kg and
were maintained at a stocking density of 40-97 kg m~.
The system operated with a water circulation rate of 30 L
s7! (7-8 L s™! per tank) and used ~700 L of replacement
water per kg of feed supplied, typically varying 600-800
L kg_l. After collection, the water was stored at 4 C in
the dark for less than a week. Prior to the experiment,
the water was sieved through a 27 um mesh, disinfected
by ultraviolet irradiation for 3 h (VIQUA D4, Canada),
and equilibrated to~ 18 °C. Initial water parameters were
assessed at the start of the experiment (Table 1).

Table 1 Initial physicochemical characteristics (mean=+SD, n=3-4)
of the RAS water used in the experiment

Parameter Value

pH 6.81+0.02
Total nitrogen, TN (mg L") 40.17+1.33
Nitrite, NO,-N (mg L) 0.52+0.02
Nitrate, NO,-N (mg L) 32.11+£0.22
Ammonia, NH,-N (mg LY 0.55+0.03
Phosphate, PO,-P (mg L™ 2.52+0.02
N:P ratio® (mass) 12.74+0.16
N:P ratio® (molar) 28.16+0.35
Dissolved organic carbon, DOC (mg L) 21.37+0.15
Dissolved inorganic carbon, DIC (mg LY 9.72+0.26

®N:P ratio was calculated as NO;-N:PO,-P

Experimental setup

Twelve photobioreactors (transparent plastic (PET) funnels,
9 cm inner diameter, 30 cm length; 1.5 L total volume, 1.2 L
working volume) were arranged in a row and covered with
transparent lids as described in Pirhonen et al. (2023). A
detailed engineering schematic and a real photograph are
provided in Figs. S1 and S2. Each reactor was inoculated
with 16% (v/v) of precultured H. pluvialis cell suspension
(density: ~18.50 x 10* cells mL~") and 84% (v/v) of RAS
water with starting densities of 2.90 x 10* cells mL~!. Cul-
tures were continuously aerated with either ambient room air
(n=6) or CO,-rich exhaust air from the RAS trickling filter
(hereafter RAS CO,; n=6) at a flow rate of 1.2-1.4 L min~!,
consistent with our previous study (Hiltunen et al. 2026),
and illuminated with 6500 K fluorescent lamps (Osram,
Germany) at 18:6 h photoperiod with intensity of 55-67
umol photons m~2s~! at~ 18 °C (RAS facility temperature).

RAS CO, was collected from the headspace of the trick-
ling filter of an experimental-size RAS (total volume ~4.5
m?, raising O. mykiss at a stocking density of 20 kg m™) in
the laboratory of the Department of Biological and Environ-
mental Science at the University of Jyviskyld. In the trickling
filter, aeration facilitates gas exchange by stripping CO, from
the culture water into the exhaust air and increases the dis-
solved O, concentration in the water. The resulting CO,-rich
exhaust air from the headspace of the covered trickling filter
was directed through a PVC hose into a plastic reservoir bag
housing air pumps (Eheim air400, Germany) and then supplied
to the photobioreactors. Room air was drawn directly from the
RAS facility atmosphere using identical air pumps (Fig. S1).
CO, concentrations in both room air and RAS exhaust air were
continuously monitored (every 30 s) using CO, sensors (Air-
Control COACH, Dostmann Electronic GmbH, Germany).
The sensor used to monitor RAS-derived CO, concentration
was placed inside the reservoir bag, whereas the sensor for
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monitoring room air CO, was placed in the laboratory near the
photobioreactors. RAS CO, varied between 1900-2500 ppm
(except on day 3, exceeding 3000 ppm), while room air CO,
remained at~400 ppm (Fig. 1).

On day 14, room-air cultures (n=6) were pooled and sub-
divided into two conditions: continued aeration with room air
(n=3) or switched to RAS CO, (hereafter room-RAS CO,,
n=3). RAS-CO, cultures (n=6) were continued with the same
aeration. All cultures were then exposed to continuous high
light (200-400 umol photons m~>s~'; 18 W AP67 T8 LED
lamps, Valoya Oy, Finland) for 10 days to induce astaxan-
thin biosynthesis. Continuous aeration ensured homogeneous
mixing and uniform high light exposure within each reactor,
despite spatial variation in irradiance, with lower intensity at
the top and higher intensity near the light source.

Analytical methods
H. pluvialis growth

Haematococcus pluvialis growth was assessed by analyzing
cell density, specific growth rate, cell productivity, and dry cell
weight. Cell density (cells mL~")was estimated daily using a
hemocytometer (Biirker, Marienfeldt, Germany) under 100x
magnification (light microscope). Cell productivity (CP, cells
mL~! day™") and the specific growth rate (u, day~") were deter-
mined using Egs. (1) and (2), respectively:

(C,-C))

CP= ——
(T,-T) .

i RAS CO;
1
1

3000 © room air

3500 1 |
— 25004°"
o J
o 2000
N 4
e) 1500

1000 A
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Cultivation time (day)

Fig.1 CO, concentrations (mean+SD) in room air and exhaust air
from a recirculating aquaculture system (RAS) used for aeration of
cultures
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where C; and C, are cell densities at times T; and T, respec-
tively. For CP, T; and T, correspond to days 0 and 14 (green
growth phase before high light induction). For u, T, and 7,
correspond to days 0 and 7 (exponential-growth phase).
Dry weight (DW, g L™!) was determined as described
in Timilsina et al. (2025). Briefly, a known volume of cul-
ture aliquot (5—10mL) was filtered through a through a pre-
washed (with 50 mL DI water and dried at 105 “C) and pre-
weighed glass fiber filter (Whatman GF/C) using a vacuum
filtration system. The biomass retained on the filter was
dried overnight at 105 °C and subsequently reweighed.

Water parameters

Nutrients in the RAS water were analyzed at: (i) day O (start
of the experiment) and ii) day 14 (at the end of the green
growth phase prior to the high-light exposure). NO;-N,
NO,-N, NH,-N, and PO,-P were analyzed spectrophotomet-
rically (LASA 100, Dr. Lange, Germany) with reagent kits
LCK 339 (NO5-N), LCK 341 (NO,-N), LCK 304 (NH,-N),
and LCK 349 (PO,-P) (Hach, USA), following the manu-
facturer’s instructions.

Dissolved organic carbon (DOC) and total nitrogen (TN)
in RAS water was analyzed using a TOC/TN analyzer (TOC-
L, Shimadzu, Japan). Dissolved inorganic carbon (DIC)
was determined by filtering 5 mL of water or culture ali-
quot (0.45 pm pore size, Sartorius) through a syringe filter
into vacuum-cleaned exetainer vials (12 mL; Labco, UK)
preloaded with 200 pL of 85% H;PO,. The resulting vial
headspace CO, was analyzed using gas chromatography
(7890B, Agilent, USA), and concentrations were expressed
as mg L™! (Vesamiki et al. 2024). The pH was assessed with
a pH meter (SevenEasy, Mettler Toledo, Switzerland).

Biochemical composition in green and red phases

Biomass samples were collected at the end of the green
growth phase (day 14, prior to high-light exposure) and
during the red phase (days 15, 17, and 24). At each sam-
pling point, 50 mL of culture aliquot from each reactor was
centrifuged, and the resulting pellets were stored at— 80 C
until analysis. Carbon (C) and nitrogen (N) contents (% of
DW) were determined from freeze-dried biomass (~0.9 mg)
using an elemental analyzer (Flash EA1112, Thermo Fisher
Scientific Inc.), with birch (Betula alba) leaf powder as the
reference material.

Protein, lipid, and carbohydrate contents (relative % of
DW) were analyzed from freeze-dried biomass using a Fou-
rier-transform infrared (FTIR) spectrometer (Nicolet iS50,
Thermo Fisher Scientific Inc.) as described in Vesamaki
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et al. (2026). The FTIR-based method provides a rapid, non-
destructive estimation of biochemical composition and has
been previously validated for microalgal biomass (Wagner
et al. 2010). Briefly, spectra were recorded in attenuated total
reflectance (ATR) mode over 2000-600 cm™" (32 scans, 4
cm™! resolution). All spectra were background- and base-
line-corrected, as well as min—max scaled to standardize
spectral intensity among samples. Biochemical components
were identified based on characteristic absorbance peaks:
lipids at 17501730 cm™!, carbohydrates at 1160-1140
cm~! (Wagner et al. 2010), and proteins as the average of
the amide I (1680—1640 cm™") and amide II (1550-1540
cm™!) bands (Stehfest et al. 2005; Wagner et al. 2010). Rela-
tive proportions of lipids, proteins, and carbohydrates were
obtained by expressing the normalized peak intensity of each
biomolecule as a fraction of the combined intensities of the
lipid, protein, and carbohydrate peaks.

Astaxanthin extraction, de-esterification, and analysis

Biomass was sampled after 1, 3, and 10 days of high-light
exposure (culture days 15, 17, and 24). For each sampling
day, 40 mL of H. pluvialis suspension from each replicate
was centrifuged (5000 X g, 10 min, 18 °C), and the resulting
pellets were stored at — 80 °C until analysis. The procedures
for astaxanthin extraction, de-esterification, and quanti-
fication are described in detail in Calderini et al. (2025).
Briefly, 1 +0.1 mg of freeze-dried biomass was placed in
ZR Bashing Bead tubes (0.1 and 0.5 mm; Zymo Research,
USA), and 3.11 pg of internal standard (trans-f-apo-8'-
carotenal) was added. Total pigments were extracted with
100% acetone. Cell disruption was performed with a Bead
Ruptor Elite instrument (OMNI, USA) at 4 m s~! for four
cycles of 20s. De-esterification of astaxanthin was carried
out through enzymatic hydrolysis using cholesterol esterase
enzyme (final concentration: 0.36 U mL~!; MP Biomedi-
cals, Germany). De-esterified astaxanthin extracts were then
separated and analyzed by high-performance liquid chro-
matography (HPLC; Nexera, Shimadzu, Japan) equipped
with a diode array detector (SPD-M20A, Shimadzu) and
an Acclaim C30 column (150 mm X3 mm, 3 pm; Thermo
Fisher Scientific Inc.). Astaxanthin isomers (all-E, 13-Z, and
9-7Z) were identified based on retention times and absorp-
tion spectra and were quantified against a calibration curve
of synthetic (35, 3'S)-astaxanthin (DHI). Astaxanthin con-
tent was normalized to dry weight and expressed as mg g~ .
Extraction losses were corrected based on the recovery %
of the internal standard. The astaxanthin data presented in
this study was previously utilized for the development and
validation of a hyperspectral spectral imaging (HSI) model
for non-invasive quantification of astaxanthin (Calderini
et al. 2025).

Statistical analyses

Statistical analyses were performed in IBM SPSS (version
30.0.0). Data from the green vegetative phase (days 0-14)
and the red stress phase (days 15-24) were analyzed sepa-
rately. In the green phase, two treatments were compared
(RAS CO,, n=6; room air, n=6). One-way ANOVA was
used to test the treatment effects on growth rate (u), cell
productivity (CP), dry weight (DW, day 14), biomass C:N
ratio (day 14), and nutrient removal on day 14. A repeated-
measures ANOVA (rmANOVA) was used to assess whether
changes in cell density over time differed between treat-
ments. Time (day) was included as a within-subject factor
and treatment as between-subject factor. In the red phase,
three treatments were compared (RAS CO,, n=6; room-
RAS CO,, n=3; room air, n=3). rmANOVAs were used
to assess the effects of treatment on dry weight, astaxanthin
content and concentration, and biomass C:N ratio. Biochem-
ical composition data (protein, carbohydrate, lipid; normal-
ized to 100%) from the green phase (day 14) and red phase
(day 24) was first transformed using Centered Log-Ratio
(CLR) transformation because the data are compositional.
Then, treatment effect on overall biochemical composi-
tion was first analyzed by multivariate analysis of variance
(MANOVA, Pillai’s trace), with CLR-transformed lipid,
protein, and carbohydrate as dependent variables and treat-
ment as the fixed factor. Significant multivariate effect was
further analyzed using univariate ANOVAs. Data normal-
ity was tested with the Shapiro—Wilk test, homogeneity of
variances with Levene’s test, and sphericity with Mauchly’s
test (Greenhouse—Geisser correction used when sphericity
violated). When variances were unequal, Welch’s t-test (two
treatment groups) or Welch’s ANOVA with Games-Howell
post hoc tests (three treatment groups) were used. When
statistically significant effect of treatment (in three treatment
groups), pairwise comparisons were performed with Bonfer-
roni adjusted post hoc tests. Statistical significance was set
at p<0.05.

Results
Effect of RAS CO, on H. pluvialis growth

Supplementation with RAS-derived CO, significantly
enhanced the growth of H. pluvialis compared to room air.
During the green growth phase (days 0 to 14), cultures sup-
plied with RAS CO, had consistently higher cell densities
than those aerated with room air (rmANOVA, between-sub-
ject effects, p <0.001; Fig. 2a; Table S2). By day 14, RAS-
CO, cultures reached a mean density of 71 X 10* cells mL~",
whereas room-air cultures attained only 45 x 10* cells mL™!
(Fig. 2a). RAS CO, increased the growth rate (1) by 15% and
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Fig.2 Mean (+SD) of (a) cell density, (b) specific growth rate (p),
(¢) cell productivity (CP), (d) dry weight (DW) of H. pluvialis culti-
vated in recirculating aquaculture system (RAS) effluent water under
exhaust air from the RAS trickling filter (RAS CO,: 1900-2500 ppm)
or room air (~400 ppm CO,). High light (200400 pmol photons

cell productivity (CP) by 60% (both p <0.001; Fig. 2b, c;
Table S3). At the end of growth phase (day 14), dry biomass
weight (DW) was 76% higher in RAS-CO, cultures than
in room-air cultures, yielding up to 0.65 g L™! (p <0.001;
Fig. 2d, day 14; Table S3).

RAS CO, also increased DW during the red phase,
regardless of the aeration used during the growth phase.
Under high-light exposure which started on day 14, DW
increased in all treatments (rmANOVA within-subjects,
main effect of time, p <0.001; Fig. 2d, red phase; Table S4),
and the rate of increase differed among treatments, as indi-
cated by time-treatment interaction (p <0.001, Table S4).
There was also a main effect of treatment (rmANOVA
between-subjects, p=0.003; Table S4). Pairwise compari-
sons showed that cultures receiving RAS CO,, either con-
tinuously or only during the red phase (i.e., room-RAS CO,),
had higher DW than cultures aerated continuously with room
air (p=0.009 and p=0.004, respectively). The continuous
RAS CO, and room-to-RAS CO, treatments did not differ
significantly. By the end of red phase (day 24), RAS CO,
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m~2%s7!) was initiated on day 14 for 10 days to induce astaxanthin
biosynthesis. The dashed vertical line in Fig. 2d separates the green
growth and red stress phases. Different letters indicate statistically
significant differences (p <0.05) among treatments at each sampling
point

had higher DW by 62-84% compared with continuous room
air (Fig. 2d).

Effect of RAS CO, on water parameters

Nitrogen removal from RAS water by H. pluvialis differed
between the two aeration sources, whereas PO,-P removal
remained similar. Supplementing the cultures with RAS-
derived CO, supported higher removal of TN and NO;-N
from RAS water than aeration with room air (TN: p=0.02;
NO;-N: p=0.03; Table 2; Table S5). By the end of growth
phase, almost 99% of both TN and NO;-N had been removed
in the RAS CO, treatment. PO,-P removal reached up to
91% by the end of the growth phase, with no statistically
significant difference between RAS CO, and room air treat-
ments (p=0.33; Table 2; Table S6). DOC was higher in the
RAS CO, treatment than in room air treatment (p <0.001;
Table 2; Table S6). However, DIC was slightly higher under
room air (Table 2; Table S6). The RAS CO, treatment had
lower pH than the room air treatment (Table 2).
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Table2 Mean (+SD) of pH, nutrient concentrations, and removal
efficiencies (%R.E.) of H. pluvialis cultivated in recirculating aqua-
culture system (RAS) effluent water aerated with either exhaust air
from the RAS trickling filter (RAS CO,: 1900-2500 ppm) or room
air (~400 ppm CO,), measured on day 14 (end of the growth phase).
Dissolved inorganic and organic carbon (DIC and DOC) are pre-
sented as concentrations only

Parameter RAS CO, Room air

pH 7.85+0.05 8.56+0.07
TN (mg L™ 0.51+0.02 1.37+0.60
TN (%R.E.) 98.72+0.06 96.59+1.50
NO;-N (mg L) 0.41+0.09 1.08£0.56
NO;-N (%R.E.) 98.71+£0.28 96.64+1.75
PO,-P (mg L) 0.22+0.12 0.28+0.08
PO,-P (%R.E.) 91.29+4.93 88.83+2.36
DIC (mg L7 18.41+1.27 20.27+1.08
DOC (mg L™ 70.89+2.42 50.73+3.14

Effect of RAS CO, on biochemical composition

The molar carbon-to-nitrogen (C:N) ratio of H. pluvialis
biomass increased significantly from the green to the red
phase, rising from 8 — 11 on day 14 to 55— 60 on day 24
(Fig. 3a). During the green phase, the C:N ratio was higher
under RAS CO, than under room air (p <0.001; Fig. 3a;
Table S7). During the red phase, the C:N ratio increased
significantly overtime in all treatments (rmANOVA within-
subjects, main effect of time, p <0.001; Fig. 3a; Table S8).
The C:N ratio also differed among treatments (rmANOVA
between-subjects, p=0.02; Table S8). Pairwise comparisons
showed that RAS CO, had a higher C:N ratio than room air
(p=0.03). No difference was found between the RAS CO,
and room-RAS CO, treatments (p=1.00).

; 100
60+ 031 RAS CO; +_|_+ IR
3 room air 1 X 801
Ov
o [ room-RAS CO
401 2 §5 60
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© 201 1 apa £
a,. i S5 20 -
b ! 289
| |fj| i o
0 — T ; - Q
14 15 17 24 &
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Fig.3 Mean (+SD) of (a) C:N molar ratio of dry biomass b) Mean
of biochemical composition (relative abundance, % DW; normalized
to 100%) of H. pluvialis biomass cultivated in recirculating aqua-
culture system (RAS) effluent water under exhaust air from the RAS
trickling filter (RAS CO,: 1900-2500 ppm) or room air (~400 ppm

The biochemical composition of H. pluvialis biomass
(protein, carbohydrate, and lipid) shifted between the green
phase and the red phase (Fig. 3b). Green phase biomass was
mainly protein-rich (53-60%), with comparatively lower
proportions of carbohydrate (31-35%) and lipid (9-12%).
Red phase biomass showed a substantial redistribution of
macromolecules, with carbohydrate (37-42%) and lipid
(32-39%) becoming the major fractions, while protein
decreased to 20-30% of dry weight (Fig. 3b). During the
green phase, biochemical composition differed between the
RAS CO, and room air treatments (p =0.005; Table S9).
Lipid proportion was higher under RAS CO, (p =0.002;
Table S9) and protein was higher under room air (p =0.001;
Table S9), while carbohydrate did not differ between treat-
ments (p =0.56; Table S9). In the red phase, biochemical
composition also differed among the treatments (RAS CO,,
room-RAS CO,, and room air; p=0.002; Table S9). Lipid
proportion was highest in RAS CO, and lowest in room
air (pairwise comparisons: RAS CO, vs. room-RAS CO,,
p=0.002; RAS-CO, vs. room air, p <0.001; room-RAS
CO, vs. room-air, p=0.005). Protein showed the reverse
trend, being lower in RAS CO, and room-RAS CO, com-
pared to room air (p <0.001 and p=0.003, respectively).
Carbohydrate proportion again showed no treatment effects
(p=0.21).

Effect of RAS CO, on astaxanthin accumulation

Astaxanthin increased over time during the red phase and
differed among aeration treatments (RAS CO, vs. room air).
Astaxanthin content increased steadily from 1.7-2.1 mg g
on day 15 t0 9.4-11.2 mg g~' on day 24 (rmANOVA within-
subjects, main effect of time, p <0.001; Fig. 4a; Table S10).
Although the temporal pattern of increase was similar across

Carbohydrate
Lipid

Protein

RAS CO,

room air
room-RAS CO,

0000

14 17 24
Cultivation time (day)

CO,). High light (200-400 umol photons m~2s~!) was initiated on
day 14 for 10 days to induce astaxanthin biosynthesis. The dashed
vertical line separates the green growth and red stress phases. Dif-
ferent letters indicate statistically significant differences (p<0.05)
among treatments at each sampling point
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Fig.4 Mean (+SD) of (a) astaxanthin content (mg g~') and (b) asta-
xanthin concentration (mg L™!) yielded by H. pluvialis cultivated in
recirculating aquaculture system (RAS) effluent water under either
exhaust air from the RAS trickling filter (RAS CO,: 1900-2500 ppm)

treatments (i.e., no time-treatment interaction, p =0.05;
Table S10), overall astaxanthin content differed among
treatments (rmANOVA between-subjects, p <0.001; Fig. 4a;
Table S10). Cultures supplied continuously with RAS CO,
accumulated more astaxanthin than cultures remained under
continuous room air (pairwise tests, p <0.001). Cultures
grown under room air during the green phase and switched
to RAS CO, during the red phase (i.e., room-RAS CO,)
also accumulated higher astaxanthin than room-air cultures
(pairwise tests, p <0.001). No difference was found between
the RAS CO, and room-RAS CO, treatments (Fig. 4a).

Astaxanthin volumetric concentration also showed a
similar pattern, rising from 1.2-1.7 mg L™! on day 15 to
10.6-23.3 mg L™! on day 24 (rmANOVA within-subjects,
main effect of time, p <0.001; Fig. 4b; Table S10). In con-
trast to astaxanthin content, the rate of increase in volu-
metric concentration differed among treatments (i.e., sig-
nificant time-treatment interaction, p <0.001; Table S10).
Concentration also differed among treatments (rmANOVA
between-subjects, p <0.001; Table S10). Both continuous
RAS CO, and room-RAS CO, treatments had higher asta-
xanthin concentrations than continuous room air (pairwise
tests, p <0.001 for both). No difference in astaxanthin con-
centration was observed between RAS CO, and room-RAS
CO, treatments (Fig. 4b).

Discussion

In this study, we investigated the potential of valorizing RAS
side streams (both CO,-rich exhaust air and nutrient-rich
effluent water) through the cultivation of H. pluvialis for
natural astaxanthin production. Conducting a 24-day exper-
iment, we found that supplementing H. pluvialis cultures
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or room air (~400 ppm CO,). High light (200400 pmol photons
m~2s~") was initiated on day 14 for 10 days to induce astaxanthin bio-
synthesis. Different letters indicate statistically significant differences
(p<0.05) among treatments at each sampling point

with stripped CO, from RAS enhanced growth performance
and astaxanthin yield compared with cultures aerated with
ambient room air.

During the green growth phase, both room air (~400
ppm CO,) and RAS exhaust CO, (1900-2500 ppm) sup-
ported active growth of H. pluvialis in RAS water. How-
ever, cultures aerated with RAS CO, consistently outper-
formed those supplied with room air, attaining a 15% higher
growth rate, 61% greater cell productivity, and 76% higher
dry weight. This response indicates that CO, enrichment
with RAS exhaust air, despite being lower than the 1-5%
CO, commonly used to enhance microalgal growth, can still
substantially improve H. pluvialis growth rate and biomass
accumulation (i.e., DW) relative to room air. The higher
growth and biomass accumulation observed in the RAS CO,
supplemented cultures were likely due to the alleviation of
C limitation commonly associated with ambient room air
aeration. This may have enhanced C fixation, reduced pho-
torespiration, lowered the energy required for inorganic C
acquisition, and promoted greater allocation of metabolic
resources toward cell growth and biomass accumulation.
In addition, RAS CO, supplementation helped to stabilize
pH against photosynthetic alkalization, thereby maintain-
ing more favorable conditions for vegetative growth. Che-
kanov et al. (2017) and Haque et al. (2017) investigated the
effects of different CO, levels (0.04-20%) on H. pluvialis
growth and found that growth and photosynthetic perfor-
mance were highest at 5% CO,, whereas higher concentra-
tions (= 10%) impaired growth due to medium acidification
and physiological stress. In this study, RAS exhaust air had
0.19-0.25% CO,, which is substantially lower than the con-
centration tested in those studies, yet still resulted in sig-
nificant improvements in growth and biomass production.
Importantly, the CO, levels used here are representative of
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exhaust streams produced by degassing units in RAS and
thus reflect realistic, scalable operating conditions. Unlike
direct flue-gas injection or high-percentage pure CO, sparg-
ing, RAS exhaust air provides a continuous, low-cost CO,
supply (up to 0.25%) substantially higher than that of room
air for H. pluvialis cultivation.

The cell density and DW observed here in the growth
phase under room air were comparable to our earlier results
(Timilsina et al. 2025). The growth rate of H. pluvialis
under RAS CO, (0.38 day™") was comparable to previously
reported maximum values of up to 0.40 day~! (Aflalo et al.
2007), whereas the growth rate under room air (0.33 day_l)
was slightly lower. The increase in DW during the stress
phase reflects stress-induced cell enlargement, cell wall
thickening, and accumulation of carbon-rich structural and
storage components during encystment, as cell size generally
increases from 8—20 pum in the green growth phase to 20-50
um in the red cyst phase (Triki et al. 1997; Shah et al. 2016).
In the present study cultures supplied with RAS CO, either
continuously or only during the red stress phase had similar
final DW, and both exceeded that of cultures remained under
room air throughout. This indicates that elevated CO, avail-
ability during stress likely promotes greater C incorporation
into biomass, even when cell growth is limited or ceased
(Guo et al. 2025). Comparable increases in DW (more than
twofold) during the red phase have also been reported by
Huang et al. (2019). This suggests that continued per-cell
biomass accumulation during the encystment is a charac-
teristic physiological response of H. pluvialis under stress
conditions.

During the green growth phase, H. pluvialis efficiently
removed nutrients (N and P) from RAS water. By the end
of this phase, prior to high-light exposure, N was nearly
depleted, with TN and NO;-N removal reaching 99% under
RAS CO, and 97% under room air. N removal in this study
was higher than that reported previously for H. pluvialis
cultivated in RAS water (Calderini et al. 2021; Timilsina
et al. 2025), despite differences in initial N concentrations
and photobioreactor configurations among studies. PO,-P
removal was 91% by the end of growth phase and increased
to 98% by the end of the experiment, with no significant
difference between RAS CO, and room air treatments
(Tables 2, S11, S12). In microalgal systems, P removal can
occur through multiple mechanisms, such as cellular uptake,
surface adsorption, and chemical precipitation (Molitor et al.
2024). Despite its relatively slow growth rate, H. pluvialis
achieved nutrient removal comparable to that of fast-grow-
ing microalgae such as C. vulgaris (Hiltunen et al. 2026),
highlighting its potential for RAS water bioremediation.

Water quality parameters (pH, DIC, and DOC) also dif-
fered between aeration treatments at the end of the growth
phase. Cultures supplemented with RAS CO, had lower pH
and DIC, but higher DOC than those grown under room air

(Table 2). The lower pH under RAS CO, reflects enhanced
carbonic acid (H,CO;) formation due to higher CO, dis-
solution in the culture medium (RAS water). Although CO,
enrichment generally increases DIC availability, the slightly
lower residual DIC under RAS CO, at the end of growth
phase likely indicates higher inorganic carbon uptake by H.
pluvialis compared with cultures supplied with room air.
The higher DOC observed under RAS CO, likely reflects
increased cellular exudation of organic compounds, which
is commonly associated with elevated photosynthetic activ-
ity and biomass production under CO,-enriched microalgal
systems (Hulatt and Thomas 2010).

As expected, the transition of H. pluvialis from green
growth phase to the red cyst phase had a strong shift in bio-
mass composition, which was further modulated by aera-
tion conditions. Biomass C:N ratios increased from 8§-11
at the end of the green phase to 56—60 by the end of the
red phase. This transition was accompanied by a shift from
protein-rich biomass in the green phase to biomass enriched
in lipids and carbohydrates in the red phase. These compo-
sitional changes represent the well-known survival strategy
of H. pluvialis to N limitation combined with high light-
induced oxidative stress, which promotes the degradation
of N-rich cellular components and redirects metabolic flux
toward C-based storage and protective compounds such as
carbohydrates (starch), lipids (triacylglycerols), and carot-
enoids (mainly astaxanthin) (Boussiba 2000; Griinewald
et al. 2001; Shah et al. 2016). Relative to room air, RAS
CO, had higher C:N ratios and higher lipid contents in both
phases, together with lower protein contents. Carbohydrate
content increased during stress in all treatments, but differ-
ences among treatments were smaller than those observed
for lipids, suggesting that elevated CO, primarily improved
lipid synthesis rather than uniformly increasing all C pools.
In H. pluvialis, the photosynthetic machinery continues even
during the stress phase, but in a reduced and reorganized
form (Scibilia et al. 2015; Mascia et al. 2017). Under N
limitation, cell division and protein synthesis are arrested,
yet residual photosynthetic activity allows continued C
fixation. Because this fixed C cannot be incorporated into
N-containing biomass, it is preferentially redirected toward
C-rich storage pools. Accordingly, the higher lipid content
and elevated C:N ratios observed under RAS CO, are con-
sistent with increased inorganic C availability improving C
allocation into neutral lipids and related storage compounds.
Lipid accumulation is closely linked to astaxanthin synthesis
because lipids provide the main storage matrix for esterified
astaxanthin during encystment (Hu et al. 2021).

Astaxanthin content increased steadily during the 10-day
high-light induction period, reaching 9.4-11.2 mg g~! dry
weight. Cultures supplied with RAS CO, accumulated more
astaxanthin than cultures under room air, both in terms of
cellular content and volumetric concentration, although
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carotenogenesis was consistent across treatments, with
most cells in the aplanospores stage (Fig. S3). Particularly,
H. pluvialis cultures grown under room air shifted to RAS
CO, during the stress phase accumulated astaxanthin at
levels comparable to cultures maintained under RAS CO,
throughout both growth and stress phases. This result indi-
cates that elevated CO, during the stress phase is sufficient
to enhance astaxanthin accumulation, regardless of CO,
conditions during the growth phase. Since N was almost
depleted at the start of high-light exposure, N limitation
combined with high-light stress was the main trigger for
astaxanthin synthesis (Scibilia et al. 2015). Nevertheless,
RAS CO, increased the extent of astaxanthin accumulation
compared with room air, likely by alleviating inorganic C
limitation and supporting continued C fixation during high-
light induction. The relatively strong response of the room
air-to-RAS CO, transfer condition may also be explained by
its lower initial biomass density, which likely reduced self-
shading and increased effective light exposure per cell dur-
ing high-light induction (Li et al. 2020; Samhat et al. 2023).

Astaxanthin content of H. pluvialis grown under room
air in this study was similar to previously reported values
(Christian et al. 2018; Timilsina et al. 2025). However, the
maximum astaxanthin content obtained (1.12% DW) was
lower than the 2-5% DW reported in studies using optimized
algal culture media under varying light intensities and CO,
concentrations (Imamoglu et al. 2007; Christian et al. 2018;
Cui et al. 2020; Chen et al. 2022). The astaxanthin yields
observed in this study can be attributed to several factors
related to cultivation conditions. First, RAS effluent water
was used as the growth medium, which may be deficient
in essential macro- and micronutrients. Elements such as
magnesium (Mg2+) and iron (Fe**) are known to influence
H. pluvials growth and astaxanthin synthesis (Fabregas
et al. 1998; Kim et al. 2020; Zhu et al. 2021). Second, our
experimental-size RAS emitted relatively low CO, concen-
trations (0.19-0.25%) compared with the 5-15% CO, levels
used in other studies to enhance astaxanthin accumulation
(Imamoglu et al. 2007; Christian et al. 2018). In addition,
astaxanthin accumulation in H. pluvialis is known to be
strain dependent. Allewaert et al. (2017) compared astax-
anthin content among different H. pluvialis strains, includ-
ing K-0084, and reported that this strain can accumulate up
to~3% DW when grown in synthetic culture media. Despite
these differences, our results show that utilizing stripped
CO, from RAS substantially increased astaxanthin produc-
tion compared with room air, and that the use of RAS water
can eliminate the need for synthetic culture media.

This study confirmed the potential of H. pluvialis for
high-value astaxanthin production through RAS water biore-
mediation and CO, biofixation, providing a circular bioec-
onomy approach that transforms RAS liabilities into value-
added bioproducts. The resulting astaxanthin-rich red-phase

@ Springer

biomass can be utilized as a sustainable resource for aqua-
feed applications. In addition to astaxanthin, biomass may
also contain other carotenoids, including canthaxanthin,
B-carotene, adinorubin, adonixanthin, and echinenone
(Shah et al. 2016), as well as lipid-rich compounds such
as a-linolenic acid (omega-3) and linoleic acid (omega-6)
(Azizi et al. 2024). These compounds may further enhance
the nutritional and functional value of H. pluvialis biomass
for aquaculture applications. Commercial RAS facilities
typically operate at high rainbow trout stocking densities
(50-100 kg m~>) (Roque d’Orbcastel et al. 2009), may pro-
duce much higher concentration of low-cost onsite CO, and
discharge large volume of effluent water daily, providing
substantial resources of nutrients and CO, that could be
valorized for sustainable and low-cost astaxanthin produc-
tion. Nonetheless, some limitations need to be considered.
The experiment was carried out in 1.5 L photobioreactors,
and the translation of these findings to industrial applications
remains to be examined. Larger pilot- or commercial-scale
cultivation trials will be needed to test the full feasibility
of this approach. The batch cultivation technique used in
this study does not fully reflect the continuous nature of
RAS operation, and cultivation approaches such as continu-
ous or semi-continuous systems may be more appropriate.
Moreover, in this study, effluent water was collected from the
pilot-scale RAS because the lab-scale RAS used for stripped
CO, had insufficient NO5-N (~ 16 mg L™!) and PO,-P (~0.8
mg L™!) to support adequate H. pluvialis growth. Future
studies could use both CO, and effluent water from the
same pilot- or commercial-scale RAS to further develop
integrated RAS—H. pluvialis systems for sustainable asta-
xanthin production.

The composition and stability of RAS exhaust air are
important considerations for future integration of H. plu-
vialis cultivation with RAS. In this study, RAS CO, concen-
trations were relatively stable (1900-2500 ppm); however,
under commercial operations, they are expected to fluctuate
with changes in fish biomass, respiration rate, feed input,
stocking density, and degassing efficiency. Such variabil-
ity could affect the consistency of H. pluvialis growth and
potentially compromise biomass production and astaxanthin
biosynthesis if carbon supply becomes limiting. To maintain
stable cultivation conditions, CO, monitoring and regula-
tion strategies (e.g., blending RAS CO, with ambient air
at adjustable ratios or using automated sensor-based flow
controllers) may be required. Along with elevated CO,, RAS
exhaust air may also contain trace volatile compounds such
as NH;, H,S, and N,O originating from fish metabolism
and microbial processes, and their potential effects on H.
pluvialis physiology warrant further investigation.

Future RAS—microalgae integrated systems can consider
strategies to improve CO, utilization, as microalgae are
unlikely to utilize all supplied CO, because CO, capture
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efficiency is significantly influenced by photobioreactor
design, gas—liquid mass transfer, bubble retention time,
aeration strategy, light distribution, and nutrient availabil-
ity. Potential strategies to improve CO, utilization include
increasing gas—liquid contact time (longer tubular or airlift
photobioreactors), reducing bubble size (fine-pore spargers),
and optimizing aeration and mixing conditions. In addition,
unutilized CO, from the microalgal photobioreactor outlet
could be directed to a secondary microalgal cultivation unit
or other photosynthetic production systems, such as green-
houses or plant-factory systems (Sucunthowong et al. 2023).
The phased CO, (room-RAS CO,) strategy may be advan-
tageous because continuous elevated CO, supplementation
throughout cultivation may not be necessary to enhance asta-
xanthin biosynthesis. When RAS exhaust CO, availability is
limited, H. pluvialis could be grown under ambient room air
during the green growth phase and shifted to RAS exhaust
CO, during the red astaxanthin induction phase.

Conclusions

This study successfully demonstrated the feasibility of valor-
izing RAS side streams (both nutrient-rich effluent water and
CO,-rich exhaust air) through the cultivation of H. pluvialis
for high-value astaxanthin production. More than 95% of
total N, NO;-N and PO,-P removal from RAS effluent water,
as well as astaxanthin yields of 1.12% of dry weight were
achieved. Importantly, the use of RAS exhaust CO, signifi-
cantly improved growth, biomass production, and astaxan-
thin yield compared with ambient room air. As aquaculture
sustainability is a global concern, integrating H. pluvialis
with RAS may provide a pathway toward a circular bioec-
onomy. Nevertheless, the scalability and industrial applica-
bility of this approach remain to be thoroughly investigated.
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