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Themain aim of this work was to evaluate the feasibility of microalgae-assisted aquaculture and explore the

relevant mechanisms. In this regard, our work explored the pollution problems in traditional aquaculture

and studied the contribution of microalgae to eutrophication control, oxygen gas production and feed

replacement. Besides, potential protection mechanisms of microalgae-assisted aquaculture were studied

by bacterial community profile analysis and microscope observation. The results showed that microalgae

performed well in nutrient assimilation and oxygen production, thus slowing down the eutrophication

and preventing oxygen depletion in aquaculture. Study of the mechanisms revealed that microalgae-

assisted aquaculture contained much fewer pathogens and a microalgal biofilm was formed to prevent

the eutrophication caused by sludge degradation. It is expected that the findings in this work can

support the further development of microalgae-assisted aquaculture and promote the industry upgrade.
1 Introduction

Intensive aquaculture, in recent years, has developed all over
the world, bringing with it a whole new set of environmental
problems, particularly an increasing production of nutrient-rich
wastewater.1,2 Boopathy et al. (2007) reported that concentra-
tions of total nitrogen (TN), total ammonia nitrogen (TAN) and
chemical oxygen demand (COD) in aquaculture effluent could
reach 395 mg L�1, 101 mg L�1, and 1201 mg L�1, respectively,
exceeding the limits of wastewater discharge standard.3

According to the statistics of FAO, from 2000 to 2017, aqua-
culture production increased by 160.26% and aquaculture value
increased by 373.48%. In the foreseeable future, aquaculture
will undergo a tremendous growth, further increasing the risks
of water pollution and threatening the ecological balance.
Aquaculture with high stocking density is regarded as a main
way to increase protability,4 but a large amount of wastewater
is produced. Hence, the pollution caused by aquaculture with
high stocking density merits more attention from researchers.

Most of previous studies focused on the post-treatment of
effluent from aquaculture system by traditional wastewater
remediation technologies, such as aerobic digestion, anaerobic
fermentation, and occulation.5–7 The wastewater, however, is
emical Engineering, Key Laboratory of
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20800
treated at the expense of high energy consumption and gener-
ation of secondary pollutants. For instance, according to the
study of McCarty et al. (2011), the energy needs for wastewater
treatment by aerobic digestion and anaerobic fermentation is
about 0.6 kW h m�3.7 In addition, by traditional technologies,
most nutrients in aquaculture wastewater are converted to
greenhouse gas (CO2 and CH4) or sludge, which accelerate
greenhouse effect or cause secondary pollution.3,8 Hence, it is
important to nd out an eco-friendly way to control the pollu-
tion caused by aquaculture with high stocking density.

Microalgae, which perform well in nutrients assimilation
and biomass accumulation, have been intensively studied in
nutrients recovery from wastewater. Previous studies success-
fully employedmicroalgae in the treatment of various sources of
wastewater in both lab-scale and pilot-scale experiments.9,10 In
a real-world application, it might be an eco-friendly way to
culture microalgae for nutrients recovery from aquaculture
wastewater and produce value-added biomass as sh feed. The
value-added components, such as polyunsaturated fatty acids,
astaxanthin, and carotene, in microalgae can improve the sh
immunity. For example, immune response could be enhanced
by using marine microalgae as alternative ingredients to dietary
sh meal, suggesting an effective role of microalgal compo-
nents as immunostimulant ingredients.11 Recently, a novel
concept of adding fresh microalgae into aquaculture system as
an in situ method for wastewater treatment, oxygen gas gener-
ation, and aquaculture feed production was proposed.2 Theo-
retically, this new concept has four main advantages: (1) in situ
treatment of wastewater by microalgae-based nutrients removal
to delay the water deterioration; (2) generation of oxygen gas to
This journal is © The Royal Society of Chemistry 2020
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reduce the energy consumption of aeration; (3) yield of biomass
to partly replace traditional aquaculture feed and lower the total
cost of aquaculture; (4) exploitation of value-added components
to improve sh immunity and prohibit the antibiotics abuse.12,13

However, to our knowledge, few studies have provided experi-
mental data to evaluate the feasibility of this novel concept.

This work focusing on the contribution of microalgae in
aquaculture system to water quality control will provide
reasonable answers to three questions: (1) What are the specic
water pollution problems with the increase of stocking density
in aquaculture? (2) What are the contributions of microalgae to
the management of aquaculture with high stocking density? (3)
In this novel aquaculture system, what are the protection
mechanisms of microalgae in water quality control? The results
of this work will not only prove the feasibility of this novel
concept, but also solve the technical problems of aquaculture
with high stocking density, promoting the sustainable devel-
opment of microalgae-based eco-friendly aquaculture.

2 Materials and methods
2.1. Materials

Chlorella sp. used in this work for biomass production and
water quality control was preserve in TAP medium, of which the
components have been documented in our previous work.14

Microalgae biomass was produced in a 250 mL ask lled with
100mLmedium, under continuous light (120 mmol photons per
m2 per s) at room temperature (25� 1 �C). The inoculum size of
microalgae in ask was set as 0.25 g L�1.

The larvae of bighead carp (length: 2.60 cm; weight: 0.49 g),
a widely commercialized Asian carp, were cultured in glass
containers at room temperature for experiment and aquacul-
ture feed used in this work was obtained from sh farm (Nan-
chang, China). To support the microalgal photosynthesis in
aquaculture system, 12 h light (80 mmol photons per m2 per s)
was provided for sh rearing each day.

2.2. Experimental design

This work, aiming at employing microalgae for water quality
control in aquaculture with high stocking density and explain-
ing relevant mechanisms, was carried out in three steps: (1)
based on the changes of biochemical properties in conventional
aquaculture, problems to sh rearing were studied; (2) effects of
microalgae addition on water quality of aquaculture system
were assessed and nutrients prole of algae grown in aquacul-
ture system was analyzed; (3) bacterial community analysis and
microscopic observation were conducted to reveal the potential
mechanisms in micro-environment and explain the contribu-
tion of microalgae to water quality control.

All the experiments and tests in this work were performed in
triplicate. The results were expressed as average value � stan-
dard deviation.

2.3. Parameters measurement

2.3.1. Water quality measurement. Concentrations (mg L�1)
of chemical oxygen demand (COD), total nitrogen (TN), and total
This journal is © The Royal Society of Chemistry 2020
ammonia nitrogen (TAN), which reect the eutrophication degree
of aquaculture water body, were measured by using assay kits
purchased from Hach (USA).15

Dissolved oxygen (DO) content and pH value were measured
by using DO analyzer (Hach, USA) and pH analyzer (Sartorius,
Germany).

2.3.2. Observation of micro-structure. Sludge, mainly con-
sisting of feces and feed residues, in aquaculture was collected
and subjected to vacuum dryer. Micro-structures of sludge were
observed by using both optical microscope (OM) (Jiangnan,
China) and scanning electron microscope (SEM) (Hitachi,
Japan).

2.3.3. Bacterial community analysis. Aquaculture wastes
collected from water body were subjected to total genomic DNA
extraction, 16S rRNA gene amplicons, and subsequent
sequencing at the High-throughput Sequencing Service Facility
of Magigene Co., Ltd. (Guangzhou, China). The sequence reads
were then clustered into operational taxonomic units (OTUs).

2.3.4. Analysis of biomass composition. Microalgae
biomass was collected by centrifugation at 8000 rpm and dehy-
drated by vacuum dryer. Protein content and lipid content of
biomass were measured according to our previous work.14 Poly-
unsaturated fatty acids (PUFA) were quantied by using gas
chromatography-mass spectrometry (GC-MS).9 Pigments, including
carotene and chlorophyll, were quantied according to the pub-
lished method.16,17
2.4. Comparison of aquaculture systems

2.4.1. Water deterioration in aquaculture. Water deterio-
ration of conventional aquaculture with sh cultured at
different stocking densities (2, 4, 6, 8, 10 sh/100 mL) was
studied by measuring water quality in 6 days. Daily feed input
was set as 0.0025 g per sh and the time interval between feed
addition and water quality measurement was 12 hour. Acute
and chronic toxicities to sh were identied according to water
deterioration.

In microalgae-assisted aquaculture with same stocking
densities, fresh microalgae were added at the same amount to
totally replace traditional aquaculture feed. The system was
operated under continuous light at 120 mmol photons per m2

per s. Water deterioration in microalgae-assisted aquaculture
was measured to study the contribution of microalgae to the
alleviation of acute and chronic toxicities.

2.4.2. Effects of microalgae addition on aquaculture. Fresh
microalgae were added into aquaculture system at 0.0025 g per
sh to replace traditional feed. The concentration of microalgae
was calculated by measuring the total volatile suspended solids
(TVSS) according to previous publication.14 Eutrophication,
oxygen depletion, and pH uctuation of water sample were
studied daily to evaluate the performance of microalgae-
assisted aquaculture.

Contribution of microalgae to oxygen production and pH
change in aquaculture with 8 sh/100 mL was studied by
adjusting the daily addition amounts (0.0010, 0.0025, and
0.0050 g per sh) of microalgae. DO contents and pH values in
water body were measured daily.
RSC Adv., 2020, 10, 20794–20800 | 20795
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2.4.3. Study of the potential mechanisms. Sludge, which
are the main eutrophication source in aquaculture, collected
from both aquaculture systems were subjected to microscopic
observation. Bacterial community proles of sludge collected
from traditional aquaculture system (Sample 1) andmicroalgae-
assisted aquaculture system (Sample 2) were identied based
on high-throughput sequencing analysis. Thus, potential
mechanisms were proposed to explain the roles of microalgae
in the micro-environment of aquaculture system.
3 Results
3.1. Problems in conventional aquaculture

3.1.1. Eutrophication. As shown in Fig. 1, during 6 days,
the concentrations of COD, TN, and TAN increased by
147 mg L�1, 35.3 mg L�1, and 28.6 mg L�1, respectively, in
aquaculture with a stocking density of 6 sh/100 mL. Similar
trends were also observed in aquaculture with other stocking
densities, suggesting that eutrophication became a serious
problem in the aquaculture system gradually with the extension
of culture time. In addition to culture time, stocking density is
another factor that impacts the eutrophication in aquaculture.
For example, concentration of COD in low-stocking aquaculture
(2 sh/100 mL) increased by 85.0 mg L�1 in 6 days while that in
high-stocking aquaculture (10 sh/100 mL) increased by
342.5 mg L�1. According to the study of Lu et al. (2019), aqua-
culture eutrophication is mainly attributed to the accumulation
Fig. 1 Changes of water quality in conventional aquaculture: (a) concent
values of pH and DO.

20796 | RSC Adv., 2020, 10, 20794–20800
of feed residues and sh feces.2 Therefore, in this work, with the
increase of stocking density, higher addition content of feed
residuals and faster accumulation of feces dramatically accel-
erated eutrophication.

Among the water quality parameters, TAN is one of the
detrimental factors threatening sh survival. Bhakta (2006) re-
ported that under certain conditions, the semi-lethal concen-
tration of TAN to carp in 96 h was 20 mg L�1, which can be
regarded as a threshold for sh culture.18 In this work, with the
accumulation of organics in water body over 4 days, concen-
tration of TAN exceeded this threshold, threatening the survival
of sh and disturbing the ecological balance in aquaculture.
Since the high concentration of TAN was mainly observed aer
4 day culture, ammonia toxicity can be considered as a toxicity
in aquaculture.

3.1.2. Oxygen depletion and pH uctuation. Fig. 1(d)
showed that the DO contents dropped by 52.85%, 93.39%,
98.08%, respectively, when the stocking densities were 6, 8 and
10 sh/100 mL in 6 days. The fast depletion of oxygen was
observed in aquaculture with 8 and 10 sh/100 mL, where DO
contents decreased to 1.12 mg L�1 and 0.36 mg L�1 aer 2 day
culture. Owning to the negative effects of low DO contents on
sh behavior and metabolism, oxygen depletion is a serious
problem that should be addressed in the aquaculture with high
stocking density.

In aquaculture, unionized ammonia (NH3) is highly toxic,
whereas the ionized form (NH4

+) is nontoxic or less toxic and
ration of COD; (b) concentration of TN; (c) concentration of NH3–N; (d)

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Changes of water quality in microalgae-assisted aquaculture: (a) concentration of COD; (b) concentration of TN; (c) concentration of
NH3–N; (d) values of pH and DO.
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the percentage of NH3/NH4
+ in TAN is closely related with the

pH value of aqueous phase.19 Thus, to reduce the toxicity of
aquaculture eutrophication to sh, higher percentage of NH4

+

in TAN is expected. Weakly acidic environment favors the
hydrolysis of ammonia and increases the percentage of
ammonium in TAN, creating a better condition for aquatic
animals. In aquaculture with different stocking densities, the
uctuation of pH value, which stably ranged between 7.16 and
7.86, would not dramatically change the ratio of NH3/NH4

+ in
TAN. Therefore, pH uctuation is not a big concern in the
management of aquaculture.
3.2. Alleviation of water deterioration by microalgae

3.2.1. Effects of microalgae on water quality. Fig. 2 indi-
cated that the replacement of traditional feed by freshmicroalgae
did not totally prohibit the eutrophication of water body, but
Table 1 Nutrition of traditional aquaculture feed and microalgae bioma

Item Tradition

Crude protein (g/100 g DW) 42.0 � 2.8
Crude lipid (g/100 g DW) 3.1 � 1.4
PUFAs (% of fatty acids prole) —
Carotene —
Chlorophyll (mg g�1 DW) —

This journal is © The Royal Society of Chemistry 2020
effectively reduced the eutrophication rate. For example, in
aquaculture with 2, 4, 6, 8, and 10 sh/100 mL, the increase of
COD concentrations were reduced by 51, 70, 56, 122, and
233 mg L�1 during 6 day culture (Table S1†). Similar phenomena
were observed in the analysis of TN and TAN. As shown in
Fig. 2(c), at the end of 6 day culture, TAN concentrations in
aquaculture with 2, 4, 6, 8, and 10 sh/100 mL were 3.6, 5.8, 11.7,
13.2, and 15.5 mg L�1, respectively, much lower than the semi-
lethal concentration of TAN (20 mg L�1) reported by Bhakta.18

Therefore, the replacement of traditional feed by fresh micro-
algae is a feasible way to suppress the eutrophication and prevent
the ammonia toxicity.

Fig. 2(d) indicated that the microalgae-based aquaculture
had higher pH values (8.42–9.31) than traditional aquaculture
by the end of 6 day culture. The main reason is that photosyn-
thetic metabolism of microalgae uptake HCO3

� from aqueous
ss

al aquaculture feed Microalgae biomass

50.6 � 3.2
24.5 � 4.5
42.3
2.52 � 0.28
21.3 � 1.9

RSC Adv., 2020, 10, 20794–20800 | 20797
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Fig. 3 Potential mechanisms in micro-environment: (a) bacterial community profile in aquaculture; (b) sludge in aquaculture.
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phase, at the same time, H+ is continuously consumed with the
conversion of HCO3

� to CO2.20 With the consumption of H+, the
increase of pH value was observed. As a result, the equilibrium
between NH3 and NH4

+ may be disturbed and higher
percentage of NH3 in TAN would threaten the survival of aquatic
animals. Hence, given the toxicity of NH3, it is hypothesized that
microalgae addition amount might be an important concern in
aquaculture.
20798 | RSC Adv., 2020, 10, 20794–20800
Microalgae also favored the maintenance of DO content in
aquaculture system. As discussed above, oxygen depletion is an
acute toxicity to sh survival in aquaculture with high stocking
density. In this work, the increase of DO content was observed
as long as the stocking densities did exceed 8 sh/100 mL. In
aquaculture with high stocking density (8 and 10 sh/100 mL),
the reduction of DO content decreased to 1.06 and 2.28 mg L�1

in 6 day culture with the addition of microalgae (Table S1†).
Hence, microalgae addition can be a practically-feasible
This journal is © The Royal Society of Chemistry 2020
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method to replace or partly replace traditional aeration in
aquaculture.

3.2.2. Assessment of the microalgae addition amount. The
increase of pH value was observed in aquaculture with different
addition amounts of microalgae, but excessive addition of
microalgae (Aquaculture 1) did not cause dramatically faster
increase of pH value than other addition amounts (Aquaculture
2 and Aquaculture 3) (Fig. S1†). This result is not in accordance
with the hypothesis mentioned above. Themain reason for such
a difference is that in aquaculture practice, microalgae, which
have been proven to be a good feed source by previous
studies,12,21 can be consumed by sh continuously, thus
reducing the biomass content in water body and limiting the
photosynthesis effect. As a result, the increase of microalgae
addition amount from 0.0025 g per sh to 0.0050 g per sh did
not cause the dramatic increase of pH value.

It was observed that DO contents reached 10.39 and
5.43 mg L�1 by the end of 6 day culture when the addition
amounts of microalgae were 0.0050 and 0.0010 g per sh,
respectively, conrming that microalgae addition can greatly
increase DO content in aquaculture system and reduce the risks
of oxygen depletion.

3.2.3. Comparison of nutritional values. Comparison
between traditional aquaculture feed and microalgae biomass
showed that microalgae grown in aquaculture water body con-
tained more protein and lipid, which are essential nutrients to
sh growth, than traditional sh feed (Table 1). In addition,
microalgae biomass are rich in polyunsaturated fatty acids, of
which the intake can positively impact the sh metabolisms,22

while traditional sh feed contains no or trace amount of
PUFAs. Last but not the least, natural pigments, including
carotene and chlorophyll, contained in microalgae can enhance
the sh immunity and potentially reduce the risks of sh
diseases.23 Therefore, in terms of nutritional values, microalgae
grown in eutrophic water body can be considered as a better
choice than traditional feed for aquaculture practice.
3.3. Potential mechanisms in micro-environment

3.3.1. Bacterial community. Difference was observed in the
aspects of bacterial count and bacterial community prole of
samples obtained from traditional aquaculture system (Sample
1) and microalgae-assisted aquaculture system (Sample 2).
Sample 2 had much less number of sequences than Sample 1,
suggesting that microalgae-assisted aquaculture contained less
bacteria than traditional aquaculture (Table S2 and Fig. S2†).
The most possible reason for this phenomenon is that micro-
algae competed with other microbes in aquaculture system for
nutrients, thus, the nutrient deciency caused by microalgae
growth partly prevented the bloom of bacteria.2 The prevention
of bacterial bloom, which intensively consumes oxygen by
heterotrophic metabolisms, is one of the factors contributing to
the solution of oxygen depletion in microalgae-assisted
aquaculture.

At the level of class, percentages of Gammaproteobacteria in
Sample 1 and Sample 2 were 82.50% and 18.41%, respectively
(Fig. 3(a)). This result is in accordance with previous study
This journal is © The Royal Society of Chemistry 2020
which discovered that Gammaproteobacteria accounted for
84.6% of total bacterial community in traditional aquaculture.
Gammaproteobacteria contain a variety of harmful pathogens,
not only threatening the sh survival, but also bringing poten-
tial safety problems in food chain, creating a detrimental
environment for sh rearing in traditional aquaculture.24 On
the contrary, microalgae-assisted aquaculture with much less
Gammaproteobacteria should be more favourable for sh
growth.

Fig. 3(a) showed that Alphaproteobacteria, at the level of
class, were the dominant bacteria (26.01%) in Sample 2. To our
knowledge, Alphaproteobacteria contain both pathogens and
benecial microbes. To specify the roles of Alphaproteobacteria
in microalgae-assisted aquaculture, bacterial community
prole has to be studied at the level of order. As shown in
Fig. 3(a), Rhizobiales, an order of Alphaproteobacteria, were the
dominant bacteria (14.18%) in microalgae-assisted aquaculture
while traditional aquaculture contained few Rhizobiales
(1.76%). The synergistic relationship between Rhizobiales and
microalgae in nutrients assimilation has been reported by
previous study.25 In this work, since Rhizobiales accounted for
54.52% of Alphaproteobacteria in Sample 2, the high
percentage of Alphaproteobacteria in Sample 2 would not be
a problem threatening sh rearing in microalgae-assisted
aquaculture. In addition to Rhizobiales, other dominant
bacteria, Cytophagales and Verrucomicrobiales, at the level of
order, are not typical pathogens in aquaculture.

Based on the analysis results of bacterial count and bacterial
community prole, it is considered that microalgae in aqua-
culture system can improve the water quality and create
a favorable environment for sh growth. With the inhibition of
pathogenic bacteria, the morbidity of aquatic animals can be
reduced to a lower level.24 As a result, the abuse of antibiotics in
aquaculture can be effectively avoided. On the contrary, in the
traditional aquaculture, the diseases of aquatic animals caused
by the bloom of pathogenic bacteria are usually treated by
a variety of antibiotics. The abuse of antibiotics could not only
cause antibiotics resistance in aquatic animals and microor-
ganisms, but also result in ecological disasters in water body.
Therefore, microalgae-assisted aquaculture is more favorable to
sh rearing than traditional aquaculture.

3.3.2. Microalgal biolm. It was observed that sludge in
microalgae-assisted aquaculture was covered by microalgae
while those in traditional aquaculture were directly exposed to
the water environment (Fig. 3(b)). In traditional aquaculture,
with the activity of both aerobic and anaerobic bacteria, unfa-
vorable gas (H2S and CO2) can be produced in the eutrophic
water body, threatening the survival of aquatic animals. Also,
with the degradation of sludge, soluble or low-molecular-weight
organics were directly released to the aquaculture system,
accelerating the eutrophication process.26 Last but not the least,
without the competition of microalgae with other microbes for
ecological niche, the risks of pathogens bloom in aquaculture
can be improved.

With the formation of a well-performing protection mecha-
nism, the serious deterioration of water body in microalgae-
assisted aquaculture can be avoided, providing a reasonable
RSC Adv., 2020, 10, 20794–20800 | 20799
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explanation for the data in Fig. 2. Fig. 3(b) revealed that soluble
or low-molecular-weight organics formed with the degradation
of sludge were assimilated by microalgae cells in the biolm for
value-added biomass synthesis. In addition, with the contin-
uous production of oxygen gas by photosynthesis, the activity of
anaerobic bacteria can be prohibited and the CO2 released by
aerobic bacteria can be xed by algae. Benecial microalgae can
reduce the occurrence possibility of pathogens bloom in aqua-
culture (Fig. 3(a)). Therefore, the formation of microalgal bio-
lm played an important role in the well-performing protection
mechanism of microalgae-assisted aquaculture.
4 Conclusions

It is concluded that: (1) oxygen depletion and eutrophication are
main problems in conventional aquaculture with high stocking
density; (2) microalgae can solve the problem of oxygen deple-
tion through photosynthesis and slow down the eutrophication
by assimilating nutrients; (3) microalgae in aquaculture prevent
the bacterial bloom and change the bacterial community
prole, creating a favorable environment for sh rearing; (4)
microalgal lm covered on the sludge plays an important role in
the well-performing protection mechanism of microalgae-
assisted aquaculture; (5) application of microalgae biotech-
nology is expected to solve some problems in aquaculture and
realize the industry upgrade.
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