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Abstract

Aquaculture expansion has resulted in nutrient pollution in aquatic ecosystems, primarily due to nitrogen-rich efflu-
ents, leading to eutrophication and degraded water quality. Although conventional wastewater treatment methods
are effective, they are often costly and environmentally risky. Microalgae offer a promising alternative, enabling

both wastewater remediation and the production of nutrient-rich biomass. However, most research has mainly
focused on nutrient removal efficiencies, with relatively little attention given to the quality of the microalgal bio-
mass and its suitability for simultaneous aquafeed production. This study evaluates the growth, nutritional content,
and nutrient removal efficiencies of Chlorella vulgaris (C. vulgaris) and Nannochloropsis oculata (N. oculata) in synthetic
aquaculture wastewater (AW). The findings reveal that both species showed significant growth in AW and F/2 media,
with N. oculata reaching the highest cell density (17.6x 1 0° cells/mL) in AW. After seven days, C. vulgaris removed
83.7+0.42% of nutrients in AW and 78.0+4.35% in F/2, while N. oculata achieved 71.3+1.50% and 72.3 +10.0%,
respectively. Biomass from both species was also rich in protein (35.9-57.4%) and carbohydrates (12.7-40.9%). Par-
ticularly, N. oculata produced 46% dw protein and 40.9% dw carbohydrates in aquaculture wastewater, with protein
levels higher than most previously reported values in such conditions. Additionally, with over 71% nutrient removal
in only seven days, a longer culture duration and higher initial biomass inoculum could further enhance the effi-
ciency. These findings highlight the potential of N. oculata and C. vulgaris for sustainable aquaculture, effectively
treating aquaculture wastewater and producing high-quality aquafeed biomass, thereby supporting environmentally
friendly and cost-effective practices.
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wastewater management practices are inadequate [2]. As
the depletion of wild fish stocks accelerates, aquaculture
has expanded rapidly, emerging as a key food production
system worldwide. However, this expansion has also led
to environmental concerns, particularly the generation of
nutrient-dense wastewater, which poses substantial risks
to aquatic environments if not properly treated. Particu-
larly, the intensive farming practices prevalent in mod-
ern aquaculture often result in excessive nitrogen and
phosphorus compounds in wastewater, primarily derived
from fish waste and uneaten feed.

Excessive nutrients, especially nitrogen in the form of
ammonium (NH,"), can cause eutrophication and other
ecological disruptions when discharged into natural
water bodies [3]. Ammonium pollution especially, can
lead to pH shifts, increased toxicity, and reductions in
dissolved oxygen, further endangering aquatic life and
ecosystem stability [4]. Consequently, there is an urgent
need for effective and sustainable nitrogen removal strat-
egies in aquaculture. Conventional wastewater treat-
ment methods, though effective, are often expensive and
require extensive maintenance, making them less feasible
for widespread application in the aquaculture industry
[5]. As a result, there is growing interest in alternative,
sustainable methods that not only mitigate environmen-
tal impacts but also add value to the aquaculture pro-
cess. Microalgae have emerged as a promising solution,
offering a natural and cost-effective means of nutrient
removal from wastewater [6]. Nitrogen, a critical nutri-
ent for microalgal growth, plays a key role not only in cell
proliferation but also in shaping the biochemical compo-
sition of the resulting biomass [7].

Microalgae, such as Chlorella vulgaris and Nan-
nochloropsis oculata, are particularly well-suited for
wastewater remediation due to their rapid growth
rates, high photosynthetic efficiency, and adaptability
to various environmental conditions [8]. These micro-
algae not only remove nitrogen and phosphorus from
wastewater but also produce biomass rich in valuable
nutritional components. Both Chlorella sp. and Nan-
nochloropsis sp. are known for their high protein,
lipid, carbohydrate, essential fatty acids, vitamins, and
antioxidants, making them highly beneficial for use
as aquaculture feed. The unique nutritional profile of
these microalgae offers significant advantages over con-
ventional feed ingredients, contributing to enhanced
growth, immunity, and overall health of aquaculture
species. The high protein content in microalgae is par-
ticularly important, as it provides a sustainable alter-
native to traditional fishmeal, reducing the reliance on
wild-caught fish stocks [9]. Additionally, microalgae are
also rich in omega-3 and omega-6 fatty acids, which
are crucial for the development and health of aquatic
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organisms. These fatty acids, along with other bioactive
compounds such as carotenoids and vitamins, improve
the nutritional quality of aquaculture products, mak-
ing them more appealing to consumers [10]. Further-
more, the presence of antioxidants in microalgae can
also enhance the immune response of farmed species,
reducing the disease related loss and improving overall
survival rates and production.

However, the form of nitrogen—whether nitrate,
nitrite, ammonium, or organic nitrogen—can signifi-
cantly affect the quality and nutritional value of the
microalgal biomass produced [9]. In addition, different
microalgae species and strain may exhibit varying pref-
erences and responses to specific nitrogen forms, which
subsequently influence their metabolic pathways and
nutrient uptake efficiency [11]. This presents both a chal-
lenge and an opportunity: by selecting and optimizing
the right microalgal species for specific wastewater com-
positions, it is possible to enhance both nutrient removal
and the production of high-value biomass. Several stud-
ies have reported the effectiveness of microalgae in nutri-
ent removal from wastewater. This includes Isochrysis
zhanjiangensis which has demonstrated the ability to
remove between 60 and 85% of nitrogenous compounds,
including ammonia, from aquaculture wastewater [12].
Similarly, Nasir et al. (2023) [13] also found that Chlorella
sp. achieved ammonia, nitrite, and phosphate removal
efficiencies ranging from 75.96% to 96.77%, depending
on inoculum dosage. Other species, such as Haemato-
coccus sp., Neochloris sp., Monoraphidium sp., were also
able to assimilate>70% of the total nitrogen in brack-
ish aquaculture wastewater [14]. However, many studies
have focused primarily on nutrient removal efficiencies,
with limited attention to the nutritional composition of
the resulting biomass, particularly its suitability as aqua-
feed. Additionally, cultivating microalgae in aquaculture
wastewater often results in low yields of proteins, carbo-
hydrates, or lipids in the biomass, limiting its practical-
ity for simultaneous aquafeed production and wastewater
remediation. For instance, Chlorella sorokiniana culti-
vated in Nile tilapia (Oreochromis niloticus) wastewater
achieved a 75.6% reduction in ammonia, 96.4% in nitrite,
and 84.5% in nitrate, with a biomass composition of
39.1% lipids and 36.1% carbohydrates [15]. In contrast,
He et al. (2023) [16] reported ammonia removal of up to
86.42% by Chlorella sorokiniana, but with a lower pro-
tein content of only 21.5%. Similarly, Chlorella vulgaris
cultivated in trout farm wastewater produced low pro-
tein content (17.93%), lipids (15.82%), and carbohydrates
(48.64%), despite nutrient removal efficiencies exceed-
ing 90% [17]. Given the species- and strain-specific
variations in nutrient uptake and metabolic responses,
more research is needed to fully explore the potential of



Song et al. Blue Biotechnology (2024) 1:19

microalgae for simultaneous nutrient removal and aqua-
feed production.

Hence, this study investigates the nitrogen removal
efficiency of Chlorella vulgaris and Nannochloropsis ocu-
lata when cultivated in synthetic aquaculture wastewater,
with a focus on its effect on their growth performance,
nutritional content, and potential for simultaneous aqua-
feed production. Although both species can effectively
absorb nitrogenous compounds, their efficiency and
biochemical profiles will differ due to their distinct met-
abolic pathways. By identifying the potential of microal-
gae strain for aquaculture wastewater remediation and
assessing its biomass quality, this study also aims to con-
tributes to the development of more resilient and sustain-
able aquaculture production and practices.

Materials and methods

Algae strain and culture conditions

The pure stock of microalga Chlorella vulgaris and Nan-
nochloropsis oculata was obtained from Universiti Putra
Malaysia. The cultures were grown in F/2 medium [18]
using filtered and autoclaved seawater at 24 °C, 60 pumol/
m2/s light intensity and 12 h light:12 dark photoperiod.
Freshwater microalgae, Chlorella vulgaris and marine
microalgae, Nannochloropsis oculata were grown in 0
ppt and 30 ppt salinity, respectively. Sub-culturing was
done every two weeks to maintain pure and healthy stock
culture.

Preparation of culture media

Synthetic aquaculture wastewater was formulated by
adding ammonium, nitrite, and phosphate to sterilized
seawater and distilled water to create appropriate media
for marine and freshwater algal cultures, respectively. The
final concentrations in the synthetic wastewater were set
at 3 mg/L ammonium, 2 mg/L nitrite, and 2 mg/L phos-
phate. These nutrient levels were achieved by dissolving
ammonium sulfate, sodium nitrite, and potassium dihy-
drogen phosphate, which provided the necessary sources
of nitrogen and phosphorus. These concentrations were
selected based on reported nutrient profiles of aquacul-
ture wastewater, especially in Malaysia [3, 19]. Mean-
while, the F/2 nutrient media was also prepared and used
as control (Table 1).

Experimental design

Marine microalgae Nannochloropsis sp. (30 ppt salinity)
and freshwater microalgae Chlorella sp. (0 ppt salinity)
was cultured using the prepared F/2 medium and syn-
thetic aquaculture wastewater. Each culture was inocu-
lated into experimental flasks (triplicates) at an initial
cell density of 1x10° cells/mL. The cultures were then
incubated in a controlled environment at a temperature
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Table 1 Chemical composition of F/2 culture media

Component Final
concentration
(mg/L)
Nitrogen (Nitrate) NaNO, 75
Phosphate NaH,PO,H,0 5
Na,CO; 30
Trace metal FeCl;-6H,0 3.15
Na,EDTA-2H,0 4.36
CuSO,5H,0 9.8
Na,Mo0,2H,0 6.3
7nS0,7H,0 22
CoCl,-6H,0 10
MnCl,-4H,0 180
Vitamin Thiamine HCI (Vitamin B1) 0.1
Biotin (Vitamin H) 0.05
Cyanocobalamin (Vitamin B12) 0.5

of 23°C and light intensity of 60 pmol/m2/s with 12-h
light:dark photoperiod. On Day 5 of culture (exponen-
tial phase), cells were harvested by centrifugation at 5000
rpm and then freeze dried. The harvested cells were sub-
sequently stored at -20°C until further analysis.

Growth parameter analysis

Microalgae growth was measured in terms of cell den-
sity and optical density. Cells were sampled and counted
every alternate day using a haemacytometer (Hawksley
AC1000, UK). Meanwhile, the optical density for all the
cultures were determined daily using a spectrophotom-
eter (Shimadzu UV-1601, Japan) where the medium was
used as blank at 750 nm wavelength.

Determination of total ammonia nitrogen (TAN)

and nutrient removal efficiency

Total ammonia nitrogen, which is the main form of
available nitrogen found in aquaculture wastewater was
measured at the start and end of experiments on Day 0
and Day 7 following the method by [20]. Water samples
(5 mL) were filtered and then mixed with 0.2 mL each of
phenol solution and sodium nitroprusside, followed by
0.5 mL of oxidizing solution. After incubation at room
temperature for 1 h, absorbance was then measured at
640 nm and used for determination of nutrient removal
efficiency.

Nutritional analysis

Protein

Protein content was assessed using the Lowry method
[21]. Five milligrams of freeze dried microalgal sam-
ple were dissolved in 25 mL distilled water, with 0.5 mL
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used for analysis in triplicate. The mixed reagent was
made by combining 1 mL of 1% potassium sodium tar-
trate with 50 mL of 2 g sodium carbonate in 100 mL of
0.1 M NaOH. The sample, with 0.5 mL of 1 M sodium
hydroxide, was incubated at 100 °C for 5 min, cooled for
10 min, then mixed with 2.5 mL of the mixed reagent and
0.5 mL of Folin reagent. After a 30-min dark incubation,
absorbance was measured at 750 nm using a Shimadzu
UV-1601 spectrophotometer.

Carbohydrates

The sample solution was prepared by dissolving 5-6 mg
of the sample in 25 mL of distilled water [22]. Subse-
quently, 1.0 mL of a 5% phenolic solution and 5.0 mL of
sulfuric acid were added to the mixture. The absorbance
was then measured at 488 nm using a Shimadzu UV-1601
spectrophotometer (Japan).

Lipids

Lipid analysis was performed using the method described
by [23]. Carbonization was carried out with tripalmitin as
a standard following lipid extraction based on [24]. To
extract lipids, 4.5 mL of chloroform (1:2) was added to
the sample and centrifuged at 10,000 rpm for 10 min. The
supernatant was collected in a clean tube. The biomass
was re-extracted by adding 1.5 mL of chloroform and
1.5 mL of distilled water, followed by a second centrifuga-
tion. The combined supernatants were evaporated under
vacuum at 35 °C after removing the polar phase. After
the residue was completely dry, 2 mL of concentrated sul-
furic acid was added, and the mixture was cooled to 0 °C.
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Absorbance was then measured at 375 nm after adding
3.0 mL of distilled water.

Statistical analysis

The experiments were carried out in triplicates, and all
results are expressed as mean * standard error. Data were
then analysed using two-way variance analysis (ANOVA),
followed by Tukey’s post hoc comparison test to measure
differences between data. Statistical significance was set
at p<0.05. Statistical analysis was carried out using the
statistical software SPPS, version 23 (SPSS Inc., USA).

Results

Effect of synthetic aquaculture wastewater and F/2 media
on growth of Chlorella vulgaris and Nannochloropsis
oculata

Figures 1 and 2 illustrate the growth patterns of Chlorella
vulgaris (C. vulgaris) and Nannochloropsis oculata (N.
oculata) cultured in synthetic aquaculture wastewater
(AW) and F/2 media (F2), as measured by cell density
and optical density (OD,5,) over a 7-day period.

Both C. vulgaris and N. oculata showed an increase in
optical density throughout the culture period, with the
highest OD,;5, values observed on Day 7 (Fig. 1). For C.
vulgaris, the initial OD,5, on Day 0 was 0.113 A for both
AW and F2 media. By Day 7, the OD,;, had increased
to 0.246+0.003 A in the AW and 0.323+0.008 A in the
F/2 media. C. vulgaris demonstrated significantly higher
optical density when cultured in F/2 media compared
to synthetic aquaculture wastewater (p<0.05). In con-
trast, N. oculata exhibited a smaller increase in OD,5,
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Fig. 1 Optical density (OD;5,) of Chlorella vulgaris (C. vulgaris) and Nannochloropsis oculata (N. oculata) in synthetic aquaculture wastewater (AW)

and F/2 media (F2). Data are presented as means +standard errors
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Fig. 2 Cell density (1x 10° cells/mL) of Chlorella vulgaris (C. vulgaris) and Nannochloropsis oculata (N. oculata) in synthetic aquaculture wastewater

(AW) and F/2 media (F2). Data are presented as means + standard errors

starting at 0.068 A on Day 0 and reaching 0.226 + 0.014 A
in AW and 0.233+0.029 A in F2 by Day 7. The difference
in growth between the two media for N. oculata was not
significantly different (p >0.05), although a slightly higher
OD,;, was observed in the F/2 media. When comparing
the two microalgal species, C. vulgaris generally achieved
higher optical density than N. oculata under both culture
conditions. On Day 7, the OD,;, for C. vulgaris in F/2
media (0.323 £0.008 A) was significantly higher (p <0.05)
than that of N. oculata in the same medium (0.233 +0.029
A). Similarly, in synthetic aquaculture wastewater, C. vul-
garis also outperformed N. oculata, with OD,, values of
0.246+0.003 A compared to 0.226 £ 0.014 A, respectively.

Cell density observed throughout the culture period
supported the trends observed in optical density (Fig. 2).
Initially, all cultures had a cell density of 1x10° cells/mL.
By Day 7, N. oculata cultured in AW showed significantly
higher (p<0.05) cell density at (17.6+2.21)x10° cells/
mL, followed by N. oculata in F2 at (13.3+0.52)x10°
cells/mL. In comparison, C. vulgaris cultured in F2
reached a cell density of (3.03 +0.12) X 10° cells/mL, while
those in AW at (2.11+0.05)x 10° cells/mL by Day 7. On
Day 2, C. vulgaris cultures in both AW and F2 had simi-
lar cell densities, recorded at (1.55+0.17) X 10° cells/mL
and (1.55 +0.03) X 10° cells/mL, respectively. However, N.
oculata consistently showed a significantly higher cell
count (p <0.05) than C. vulgaris from Day 2 onward, with
AW maintaining the highest cell count throughout the
experiment.

Overall, N. oculata demonstrated better growth in
terms of cell density and optical density compared to C.

vulgaris in both AW and F2 media. Despite C. vul-
garis achieving higher optical density, N. oculata main-
tained a higher cell count, particularly in AW, hence
indicating that AW can also be an effective medium for
sustaining growth of both microalgae species.

Effect of aquaculture wastewater and F/2 media on specific
growth rate of Chlorella vulgaris and Nannochloropsis
oculata

Figure 3 presents the specific growth rates (i) of C. vul-
garis and N. oculata cultured in synthetic aquaculture
wastewater (AW) and F/2 media over a 7-day period. All
cultures showed positive specific growth rates through-
out the experiment. Overall, the specific growth rates
for both microalgae species ranged from 0.107 +0.004
day! to 0.409+0.018 day™'. Particularly, N. oculata in
AW obtained the highest (p<0.05) specific growth rate
of 0.409+0.018 day !, compared to Chlorella vulgaris in
AW which showed the lowest (p<0.05) specific growth
rate of 0.107 +0.004 day™'. In addition, with F/2 medium,
the specific growth rate of C. vulgaris was at 0.159 + 0.006
day’!, significantly higher compared to 0.107 +0.004
day! when cultured in AW. This indicates that C. vul-
garis grows more effectively in F/2 media. In contrast, N.
oculata exhibited a significantly higher (p<0.05) spe-
cific growth rate in AW (0.409+0.018 day™) compared
to F/2 media (0.370+0.006 day™'). These results high-
light the differential growth responses of Chlorella vul-
garis and Nannochloropsis oculata to the two culture
media.
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Fig. 3 Specific growth rate (u) of Chlorella vulgaris (C. vulgaris) and Nannochloropsis oculata (N. oculata) in synthetic aquaculture wastewater (AW)

and F/2 media (F2). Data are presented as means +standard errors

Nutrient removal efficiency

The ammonium nitrogen removal efficiency of C. vul-
garis and N. oculata varied across the different media
(Fig. 4). C. vulgaris in AW demonstrated the highest
ammonium (TAN) removal efficiency at 83.7 £0.42%,
while in F2 media, the removal efficiency was slightly
lower at 78.0£4.35%. For N. oculata, TAN removal effi-
ciency in F2 media was 72.3+10.0%, and in AW, it was
71.3+1.50%, with no significant difference between the

two media (p>0.05). Overall, although both species
exhibited good TAN removal efficiency, C. vulgaris per-
formed slightly better in terms of nutrient removal in
AW.

Protein content of Chlorella vulgaris and Nannochloropsis
oculata cultured in aquaculture wastewater and F/2 media
The protein content of C. vulgaris and N. oculata cultured
in AW and F2 exhibited significant variations across the
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Fig. 4 Total ammonia nitrogen removal efficiency of Chlorella vulgaris (C. vulgaris) and Nannochloropsis oculata (N. oculata) in synthetic aquaculture
wastewater (AW) and F/2 media (F2). Data are presented as means + standard errors
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different culture conditions (Fig. 5a). For C. vulgaris, the
protein content was significantly lower when cultured
in AW, reaching 35.9% dw (dry weight). In comparison,
the protein content in F2 media was substantially higher
at 53.0% dw, reflecting a 17.1% increase. Meanwhile, N.
oculata showed a generally higher protein content across
both media types. When cultured in AW, N. oculata
recorded a protein content of 46.3% dw, which was sig-
nificantly higher (p<0.05) than C. vulgaris (35.9% dw)
in the same medium. In F2 media, N. oculata obtained
the highest protein content (p<0.05) observed among
all treatments, with 57.4% dw (11.1% increase in protein
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Fig. 5 Total content of (a) protein, (b) carbohydrate and (c) lipid (%
dw) in Chlorella vulgaris (C. vulgaris) and Nannochloropsis oculata (N.

oculata) cultured in synthetic aquaculture wastewater (AW) and F/2
media (F2). Data are presented as means + standard errors
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content than F2). Overall, these results indicate that F2
media significantly enhances protein content in both C.
vulgaris and N. oculata, with N. oculata showing a better
total protein content.

Carbohydrate content of Chlorella vulgaris

and Nannochloropsis oculata cultured in aquaculture
wastewater and F/2 media

The carbohydrate content of Chlorella vulgaris (C. vul-
garis) and Nannochloropsis oculata (N. oculata) cultured
in synthetic aquaculture wastewater (AW) and F/2 media
(F2) are shown in Fig. 5b. Among the treatments, N. ocu-
latacultured in AW exhibited the highest carbohydrate
content at 40.9+1.82% dw, followed by N. oculata in F2
media, which had a carbohydrate content of 27.3 + 8.06%
dw. In contrast, C. vulgaris showed significantly lower
(p<0.05) carbohydrate levels than N. oculata, with
16.8£5.03% dw in F2 media and 12.7 £4.62% dw in AW.
Overall, N. oculata had a significantly higher carbohy-
drate content (p<0.05) compared to C. vulgaris under
both culture media. However, for each species, there was
no significant difference (p>0.05) in carbohydrate con-
tent between the aquaculture wastewater (AW) and F/2
treatments.

Lipid content of Chlorella vulgaris and Nannochloropsis
oculata cultured in aquaculture wastewater and F/2 media
The total lipid content of C. vulgaris and N. oculata cul-
tured in synthetic aquaculture wastewater (AW) and F/2
media (F2) is as shown in Fig. 5¢. Both C. vulgaris and N.
oculata accumulated lipids, with C. vulgaris obtained
the higher (p<0.05) lipid levels compared to N. oculata.
Specifically, C. vulgaris cultured in F2 media (C-F2)
achieved the highest lipid content at 3.90 £ 0.10% dw, fol-
lowed by C. vulgaris in AW (C-AW) with a lipid content
of 2.75+0.25% dw. In contrast, N. oculata exhibited sig-
nificantly lower lipid accumulation, with 1.25+0.25% dw
in AW (N-AW) and 0.92 +0.08% dw in F2 media (N-F2).
Overall, C. vulgaris had significantly higher (p<0.05)
lipid content compared to N. oculata in both AW and F2
media.

Discussion

Effect of synthetic aquaculture wastewater and F/2 media
on growth of Chlorella vulgaris and Nannochloropsis
oculata

The present study evaluated the growth dynamics
of Chlorella vulgaris (C. vulgaris) and Nannochlorop-
sis oculata (N. oculata) in synthetic aquaculture waste-
water (AW), using F/2 media (F2) as a control. Growth
parameters, including optical density (OD,g,) and cell
density, were monitored, showing an overall increasing
trend in both OD.;, and cell counts across all treatments.
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These finding confirm the successful proliferation of both
microalgal species in both AW and F2 media, highlight-
ing their adaptability to diverse nutrient environments.

During the initial phase (Days O to 4), both species
exhibited a lag phase characterized by minimal changes
in OD,5, and cell count, a common occurrence as cells
acclimatize to new environments. Following this period,
both species entered an exponential growth phase from
Days 4 onwards. Notably, C. vulgaris cultured in F2
media achieved the highest optical density, suggest-
ing better biomass accumulation in this medium. This
is likely due to the nutrient composition of F2 media, as
detailed in Table 1, which has been optimized to sup-
port robust microalgal growth by providing ideal levels of
nitrogen sources, trace metals, minerals, and vitamins. In
contrast, N. oculata cultured in AW recorded the highest
cell density, despite lower optical density readings. This
discrepancy suggests that optical density may not fully
capture the growth dynamics of N. oculata in AW espe-
cially, potentially due to factors such as cell size, mor-
phology, and the presence of extracellular materials that
can easily affect light scattering and absorption. These
results indicate that while optical density is a useful proxy
for biomass estimation, it should be complemented with
cell density or other methods, such as determination of
dry weight or chlorophyll content, for more accurate
growth assessments, particularly in wastewater media
[25].

Meanwhile, the specific growth rate (SGR) analysis
also revealed obvious differences in growth responses of
both microalgae species in AW and F2 media. N. ocu-
lata exhibited the highest SGR in AW (0.409+0.018
day™), indicating that the nutrient composition of AW
may be particularly suited to the metabolic requirements
of this species. This observation is consistent with previ-
ous studies, such as [26], where Nannochloropsis species
showed enhanced growth in wastewater environments.
In addition, the presence of ammonium as the main
nitrogen source in AW could provide N. oculata with a
competitive advantage, as this species has been found
to prefer ammonium with faster uptake rate and growth
than nitrate, even when both compounds were available
to the microalgae [27]. In contrast, while C. vulgaris can
adapt to and utilize nutrients in AW, it performs better
with optimal nutrient media, as indicated by the higher
SGR observed in F2 culture. Therefore, the differential
growth responses observed in this study have impor-
tant implications for the application of these microalgae
in aquaculture wastewater remediation and bioresource
production. Particularly, N. oculata robust growth in AW
highlights its potential for bioremediation in aquaculture
systems, where it can effectively utilize nutrients from
wastewater for growth.
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Nutrient removal efficiency

To effectively utilize microalgae for nutrient removal in
aquaculture, a thorough assessment of their growth and
nitrogen removal efficiency is crucial, as responses can be
species-specific. In aquaculture environments especially,
the forms of nitrogen present—primarily ammonia and
nitrate—play critical roles in water quality management.
Ammonia, even at relatively low concentrations (>0.5
mg/L), is toxic to most aquatic organisms and can lead to
fish mortality if not adequately controlled, while nitrate,
though less harmful (if less than 10 mg/L), still requires
careful management [28]. Generally, removal efficien-
cies of more than 50% indicate effective nutrient removal,
regardless of the algal species involved [29].

The present study found significant variations in Total
Ammonia Nitrogen (TAN) concentration and removal
efficiency between C. vulgaris and N. oculata in AW and
F2. In F2 media, C. vulgaris consistently showed higher
TAN removal efficiency compared to N. oculata. Spe-
cifically, in AW treatments, C. vulgaris achieved a high
removal efficiency of 83.7+£0.42%. These suggest that C.
vulgaris has better TAN removal capabilities, potentially
due to its greater tolerance to ammonium nitrogen and
its efficient uptake of ammonium as a primary nitrogen
source for growth. For many microalgae, ammonium
is often the preferred nitrogen form because it requires
less energy for assimilation compared to nitrate. This is
because it enters microalgal cells through specific trans-
porters and is immediately incorporated into amino
acids via the glutamine synthetase-glutamate synthase
(GS-GOGAT) pathway, making it a highly efficient nitro-
gen source for growth [30]. Meanwhile, despite N. ocu-
lata achieving higher growth, its TAN removal efficiency
(71.3£1.50%) was still slightly lower than that of C. vul-
garis. This may be due to the differences in cell size and
nutrient uptake mechanisms. Larger cells, like those of C.
vulgaris, have a greater surface area-to-volume ratio,
which may enhance their nutrient uptake capacity [31].
As the uptake of nutrients in microalgae cells is usually
facilitated through active transport mechanisms across
the cell membrane, involving specific transporters or
channels [32].

In addition, another critical factor influencing the
nutrient removal efficiency of microalgae is the nitro-
gen-to-phosphorus (N/P) ratio in the culture medium.
Different microalgal species and strains usually pre-
fer varying optimal N/P ratios, which can significantly
affect their ability to simultaneously assimilate nitrogen
and phosphorus for biomass growth. Thus, when the
N/P ratio is not optimal, nutrient limitation or excess
can occur, leading to reduced growth rates and nutrient
uptake efficiency [32, 33]. High ammonium concentra-
tions can also inhibit microalgal physiological activity
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by causing metabolic stress, which highlights the impor-
tance of maintaining balanced nutrient levels for optimal
nutrient uptake and growth. For instance, Choi and Lee
[34] reported that C. vulgaris could achieve ammonia-
nitrogen removal efficiencies which varies from 3.59%
to 99.61%, depending on the ammonium concentration.
In the current study, C. vulgaris achieved a high removal
efficiency of 83.7% in AW and 78.0% in F2. Meanwhile,
N. oculata also demonstrated a higher ammonia nitro-
gen removal efficiency (71.3% to 72.3%) compared to the
findings by [27], where the same species achieved 50%
ammonia removal and 33.24% nitrate removal efficiency
from F2 media. This also further emphasis on the pref-
erence of these microalgae in utilizing ammonia over
nitrate as a nitrogen source. The ammonium preference
over nitrate for most microalgae can be attributed to the
lower energy cost of assimilation, as nitrate reduction
to ammonium within the cell requires energy-intensive
enzymatic reactions (e.g., nitrate reductase and nitrite
reductase [35]. The present study further highlights the
species- and strain-specific nature of nutrient removal
in microalgae, emphasizing the importance of selecting
microalgal species that are tailored to the specific nutri-
ent composition of wastewater to optimize both nutrient
removal efficiency and biomass production [36].

Furthermore, the nitrogen removal efficiencies from
aquaculture wastewater achieved in this study, with 83.7%
for C. vulgaris and 71.3% for N. oculata after just 7 days
of culture, are comparable to values reported in the lit-
erature. For instance, Chlorella sorokiniana, Scenedesmus
obliquus, and Ankistrodesmus falcatus have been shown
to achieve ammonia removal efficiencies ranging from
86.45-98.21% after 14 days of culture [37]. Meanwhile,
Esteves et al. (2022) [17] found that C. vulgaris required a
minimum culture period of 11 days to exceed 90% nitro-
gen removal efficiency, with only around 50% of nitrogen
removal by day 5. Thus, prolonging the culture duration
for both C. vulgaris and N. oculata is likely to result in
higher nitrogen removal efficiencies. Moreover, increas-
ing the initial inoculum density of microalgal biomass
can also enhance nutrient removal efficiencies in waste-
water treatment [13].

Effect of synthetic aquaculture wastewater and F/2

media on nutritional content of Chlorella vulgaris

and Nannochloropsis oculata

The nutrient removal capabilities of microalgae, cou-
pled with their ability to synthesize key nutritional and
bioactive compounds such as proteins, carbohydrates,
and lipids, provide a promising approach for sustainable
aquaculture wastewater treatment and the production of
value-added products including food, feed, and biofuels
[38]. The present study investigated the effect on protein,
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carbohydrate, and lipid content of C. vulgaris and N. ocu-
lata when cultivated in synthetic aquaculture wastewa-
ter (AW) compared to F/2 media. The findings indicate
significant variations in nutritional content between both
microalgae species, which have important implications
for their application in aquaculture, particularly in sus-
tainable aquafeed production. Despite these differences,
both species demonstrated nutritional content that are
adequate for their potential use in aquaculture, even
when cultured in aquaculture wastewater.

In terms of protein content, N. oculata exhibited higher
protein content compared to C. vulgaris, indicating its
potential as a more suitable microalgal species for use
in aquafeeds. This is because a high protein content in
aquafeeds is usually desirable, as it enhances the nutri-
tional value of aquaculture organisms across various
growth stages [39]. Specifically, C. vulgaris demonstrated
a protein content of 53% dw in F/2 media, consistent with
the reported range of 51% to 58% for this species [40]. In
contrast, C. vulgaris in AW had a reduced protein con-
tent of 35.9% dw. Similarly, Viegas et al., (2021) [41] also
reported protein content or 31% for C. vulgaris and 35%
for Scenedesmus obliquus cultured in brown crab aqua-
culture wastewater. Although this represents a decrease,
the protein content remains substantial and can still be
considered adequate for aquaculture use. For aquafeed,
including live feed, formulated feed, or feed additives,
protein content of microalgae is generally targeted to
be above 30% to ensures optimal nutritional value for
aquatic species [42]. The nitrogen limitation in AW cul-
ture likely impairs the protein synthesis because it is
crucial for amino acid production and overall cellular
function in microalgae [43]. Typically, when nitrogen is
scarce, microalgae adapt by redirecting resources toward
carbohydrate production, often resulting in a decrease in
protein content [44]. Furthermore, N. oculata also dem-
onstrated a higher protein content of 57.4% dw in F2,
indicating optimal nutrient conditions. Although its pro-
tein content decreased slightly to 46.3% dw in synthetic
aquaculture wastewater (AW), it remains within the
desirable range for aquafeed, making N. oculata a viable
option for aquaculture use. The protein content of N.
oculata in this study is also higher than most previously
reported value in previous research using aquaculture
wastewater. For instance, Bhatti et al. (2023) [45] assessed
37 different wastewaters as culture media for Chlorella
sorokiniana and Scenedesmus sp., reporting protein
levels of only 41.0% to 42.1%. Additionally, Ding et al.
(2024) [46] reported that co-cultivated Chlorella sp. and
Phaeodactylum tricornutum in aquaculture wastewater
resulted in biomass containing only 37.11% protein. In
another study, Chlorella vulgaris cultivated in trout farm
wastewater exhibited a reduced protein content of only
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17.93% [17]. Ansari et al. (2016) [37] also reported pro-
tein levels ranging from only 19% to 36% for Scenedes-
mus obliquus, Chlorella sorokiniana, and Ankistrodesmus
falcatus grown in Nile tilapia aquaculture wastewater.
Overall, the variation of nutritional content in response
of C. vulgaris and N. oculata to AW and F2 media in the
current study highlights the adaptability of both micro-
algae to different nutrient environments, demonstrating
their capacity to produce adequate protein levels even
when cultivated in aquaculture wastewater. The high pro-
tein content observed in N. oculata also indicates its suit-
ability for aquafeeds, particularly in applications where
high protein content is desired [39].

In general, the nutritional composition in microalgae
can vary widely, ranging from 4 to 64% depending on the
species. Specifically, for Chlorella sp., the innate carbo-
hydrate content typically ranges from 12 to 17% [44]. In
this study, C. vulgaris cultured in AW had a carbohydrate
content of 12.7% dw, while those in F2 had a content of
16.8% dw, both within the expected range for the species.
Meanwhile, N. oculata cultured in AW produced high
carbohydrate content of 40.9% dw, which was the highest
recorded among all treatments. This is particularly nota-
ble as carbohydrate content in microalgae intended for
aquaculture use often targets more than 10% to ensure
adequate energy provision for aquatic species [47]. This
is comparable to other related studies on various micro-
algae using aquaculture wastewater which reported car-
bohydrate content ranging from 19 — 70%, depending
on species [15, 17, 37, 41, 46, 48]. In contrast, the carbo-
hydrate content of N. oculata grown in F/2 media was
lower than C. vulgaris but still substantial at 27.3% dw.
The obvious difference in carbohydrate levels between
the media types suggests that N. oculata may respond to
nutrient stress differently than C. vulgaris, by significantly
increasing carbohydrate accumulation under nitrogen-
limited conditions (AW). In general, nitrogen is a critical
element in protein synthesis and overall cellular function,
and its limitation often leads microalgae to reallocate
resources away from protein and lipid synthesis towards
carbohydrate storage. This shift occurs because excess
carbon and electrons are channelled into carbohydrate
production when nitrogen is insufficient for protein and
polar lipid synthesis [11]. These stress responses indicate
how microalgae adjust their metabolic pathways to adapt
to different environmental conditions, though this may
vary between species.

In addition to other nutritional components, lipid
content can also vary significantly between species and
strains, with lipid accumulation potential also influenced
by culture conditions. In this study, Chlorella sp. had a
lipid content of 2.72% dw in AW and with slightly higher
lipid accumulation observed in the nutrient-rich F2
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(3.90% dw). Meanwhile, for N. oculata the lipid content
differences between AW (1.25% dw) and F2 (0.92% dw)
were minimal. Typically, lipid accumulation in microal-
gae is known to increase under nutrient stress, such as
nitrogen or phosphorus limitation, as a survival strat-
egy where excess carbon is stored in the form of lipids
[49]. However, in this study, the observed trend was the
opposite especially for C. vulgaris, indicating that factors
beyond nutrient stress, such as strain-specific charac-
teristics, may have influenced the lipid production. This
further emphasis the complexity of lipid metabolism in
microalgae and further research is still needed to fully
understand the interplay between strain properties and
wastewater media in lipid accumulation. Nevertheless,
the ability of N. oculata and C. vulgaris to grow well and
accumulate high levels of protein and carbohydrates,
even when cultured in aquaculture wastewater, highlights
its potential for wastewater remediation for production
of aquafeed, biofuels, and other applications.

Conclusions

This present finding highlights the potential of microal-
gae, particularly Chlorella vulgaris and Nannochloropsis
oculata, for aquaculture wastewater remediation and
nutrient-rich aquafeed production. Both microalgae spe-
cies demonstrated significant adaptability to the synthetic
aquaculture wastewater, with N. oculata achieving high
growth, nutrient removal efficiency, protein, and carbo-
hydrate content. This robustness indicates the suitability
of N. oculata for utilizing aquaculture wastewater as a
culture medium to produce aquafeeds where high pro-
tein and carbohydrate content is essential. Although C.
vulgaris exhibited lower protein and carbohydrate con-
tent in aquaculture wastewater, it still fell within accepta-
ble ranges for aquafeed. Overall, our findings suggest that
both C. vulgaris and N. oculata are viable for potential
integration into aquaculture systems for a cost-effective
wastewater remediation and aquafeed production. While
further research is needed to assess the integration into
practical aquaculture systems, the current findings pro-
vide valuable insights for advancing towards a more sus-
tainable aquaculture industry.
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