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Abstract Microalgae have high nutritional values for aquatic organisms compared to fish meal, because
microalgae cells are rich in proteins, lipids, and carbohydrates. However, the high cost for the commercial
production of microalgae biomass using fresh water or artificial media limits its use as fish feed. Few studies
have investigated the potential of wet market wastewater and slaughterhouse wastewater for the production of
microalgae biomass. Hence, this study aims to highlight the potential of these types of wastewater as an
alternative superior medium for microalgae biomass as they contain high levels of nutrients required for
microalgae growth. This paper focuses on the benefits of microalgae biomass produced during the phycore-
mediation of wet market wastewater and slaughterhouse wastewater as fish feed. The extraction techniques for
lipids and proteins as well as the studies conducted on the use of microalgae biomass as fish feed were
reviewed. The results showed that microalgae biomass can be used as fish feed due to feed utilisation
efficiency, physiological activity, increased resistance for several diseases, improved stress response, and
improved protein retention.
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Abbreviations

GHG Greenhouse gas

BOD Biochemical oxygen demand

COD Chemical oxygen demand

TSS Total suspended solids

DO Dissolved oxygen

HPLC High-performance liquid chromatography
GC-MS Gas chromatography—mass spectrometry
CBB-G  Coomasie brilliant blue-G250 dye

BSA Bovine serum albumin

TCA Trichloroacetic acid

NIR Near infrared spectroscopy

SFE Supercritical fluid extraction method
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Introduction

Microalgae are aquatic organisms with different sizes ranging between 1 um and 2 mm (Baharuddin et al.
2016). They are photosynthetic organisms which utilise light and carbon dioxide to create biomass (Sirakov
et al. 2015). However, their growth relies on environmental factors such as nutrient quality and quantity, light,
pH, turbulence, salinity, and temperature (Arkronrat et al. 2016). Microalgae play a vital role in food pro-
duction and the purification of contaminated environment water by assimilating nutrients from water and
wastewater (Ramaraj et al. 2015; Baharuddin et al. 2016). They play important roles in the food chain, since
they represent the main food for rotifers, cladocerans, fish, and shrimp larvae due to their high nutritional
value which includes lipid, protein, carotene, vitamins, carbohydrates, and other essential minerals for the
development of aquaculture organisms (Hakalin et al. 2014; Baharuddin et al. 2016). Among several species
of microalgae, Chlorella sp., Scenedesmus sp., and Spirulina sp. are common in the production of animal feed
supplements, fertilizers, health skin products, and other applications (Pulz and Gross 2004).

Furthermore, microalgae represent an alternative energy resource to non-renewable energy coming from
fossil fuels (Makareviciené et al. 2011; Gour et al. 2016). The importance of microalgae as an energy resource
lies in the world’s high energy demand which leads to the depletion of traditional energy resources such as
fossil fuels which are associated with the release of harmful gases such as nitrogen oxide, carbon dioxide,
carbon monoxide, and sulphur oxide into the atmosphere (Ren 2014). The accumulation of these gases in the
atmosphere can lead to health problems, the acid rain phenomenon, global warming, and depletion of the
ozone layer (Rulong et al. 2012). It has been found that the total annual anthropogenic greenhouse gas (GHG)
emission during the period from 1970 to 2010 was 1.3%, and has increased to 2.2% in the period between
2000 and 2010 (IPCC 2014).

Interest in microalgae as biofuel feedstock can be associated with several factors such as increasing world
oil prices, declining oil supplies from fossil fuels, and global warming from excessive carbon emission of
vehicles (Griffiths et al. 2011). Microalgae are a good source for biofuel production due to the high content of
lipids in the microalgae cells. For instance, lipids represent 22% of the total biomass yield of Scenedesmus sp.
which are generated in the production media with low nutrient requirements (Zhang and Hong 2014).
Microalgae have a higher lipid content compared to different terrestrial crops due to their simple unicellular
structure and high photosynthetic efficiency for higher oil production (Griffiths et al. 2011). Table 1 below
demonstrates oil yield from microalgae compared to other terrestrial plants. It can be observed that the
microalgae oil yield ranges from 4.7 to 14 L/m?/year which is higher compared to palm oil yield (0.54 L/m?%/
year), Jatropha (0.19 L/mz/year), sunflower (0.09 L/mz/year), and soya (0.04 L/mz/year) (Sheehan et al. 1998;
Sazdanoff 2006; Mata et al. 2010).

Microalgae can grow rapidly and are potentially useful for biofuel production. Microalgae are rich in lipids
and carbohydrates. They also contain excellent properties for biofuels such as biodiesel, bioethanol, and
biomethane (Singh and Gu 2010). The previous studies had identified Botryococcus sp. which store long chain
hydrocarbons in 50% of its dry biomass (Hannon et al. 2010). Besides that, microalgae cultivation for biofuel
production used minimal land compared to other terrestrial plants such as canola, Jatropha, corn, and soybean
but yields high oil content. According to Singh and Gu (2010), biodiesel yield from microalgae was
58,700 L ha' for microalgae containing only 30% oil by weight compared with 1190 L ha' for Canola and
1892 L ha' for Jatropha. Microalgae are able to produce biofuel from biomass and also remediate nutrients
from wastewater. These characteristics make microalgae a potential crop which can be used to produce cost-
competitive biofuels (Hannon et al. 2010).

Table 1 Production of oil from crops compared to algae

Types of crops 0il yield (L/m*/year) References
Microalgae 4.7-14 Sheehan et al. (1998)
Palm 0.54 Mata et al. (2010)
Jatropha 0.19 Sazdanoff (2006)
Sunflower 0.09

Soya 0.04

’r @ Springer



Int Aquat Res (2017) 9:177-193 179

Microalgae as a source of energy can be applied for the production of hydrogen gas, methane, and biogas
(Golueke et al. 1957). Microalgae species with high oil content used for biodiesel production are Chlorophyta
and Bacillariophyta (Griffiths et al. 2011). The previous studies have revealed that microalgae are able to
produce biodiesel amounting to 6283 gallons/acre compared to corn (18 gallons/acre) and soybeans
(48 gallons/acre), respectively (Chisti 2007; Kumar et al. 2015). Microalgae lipid comprises of triacylglycerol
(TAG), phospholipid, and glycolipid. In general, the lipid in microalgae is stored in the form of TAG. Fast
growing species have relatively low lipid production, but stress conditions may trigger lipid production up to
60% of cell dry weight (Griffiths et al. 2011). Jena et al. (2012) indicated that the lipid productivity of
Scenedesmus sp. is 24.66 mg/L/day with 0.9976 g/L of biomass during the stationary growth phase. This
value is higher than that recorded for Chlorococcum sp. and Chlorella sp. which are 12.44 vs. 16.11 mg/L/day
of productively and 0.9922 vs. 0.9933 g/L of biomass yield, respectively. However, it has to be mentioned that
the reported data about the production of biofuel from microalgae species are still based on the lab scale
experiments, while reported data on the commercialisation of biofuel from microalgae biomass are still limited
(Xin et al. 2011; Kumar et al. 2015). This might be due to the high production cost and the absence of effective
methods to convert biomass into biofuel at a low operational cost (Chen et al. 2012).

Furthermore, one of the ways which microalgae biomass can be obtained is through the phycoremediation
process of wastewater (Sethupathy et al. 2015). Phycoremediation is a specific term to represent the process of
using microalgae to treat wastewater by the assimilation of nutrients such as total phosphorus (TP), total
nitrogen (TN), and total organic carbon (TOC) from wastewater (Al-Darmaki et al. 2012; Jais et al. 2017). In
contrast, phytoremediation is most common term used to represent a similar process conducted by plants. The
efficiency of this process lies in its dual role which refers to the treatment of wastewater and the production of
biomass, respectively (Pahazri et al. 2016). It has been found that the microalgae in the phycoremediation
process have the capacity between 70 and 90% to remove nitrate, sulphate, and phosphate (Nandeshwar and
Satpute 2014). The phycoremediation process is associated with the high production of microalgae biomass
which has numerous applications (Atiku et al. 2016). Moreover, the utilisation of microalgae biomass as fish
feed might be more applicable without more extractions and preparation processes, because microalgae
represent natural fish food in water (Brown 2002; Guedes and Malcata 2012; Skarka 2012; Baharuddin et al.
2016).

The current review deals with the technical feasibility of phycoremediation for the treatment of wet market
wastewater and slaughterhouse wastewater, the production of microalgae biomass, and the improvement of
wastewater characteristics before the final disposal into the environment. The main aim of this article is to
provide a summary of recent information concerning the use of microalgae biomass as fish feed. To do so, an
overview of the phycoremediation process and factors affecting biomass production are presented. The authors
recommend that the utilisation of microalgae biomass for aquaculture food depends on the nutrition values and
the extraction process of the lipids and proteins from the biomass yield instead of the microalgae species.
Moreover, the reader is strongly encouraged to refer to the original research papers for information on
experimental conditions.

Characteristics of wet market wastewater and slaughterhouse wastewater

Increased urbanisation and industrialisation has placed increased water quality and quantity stress in many
countries such as Malaysia (Chan 2006; Lee et al. 2015). Indeed, the main problem lies in the quantities of
wastewater generated from different human activities which are discharged into natural bodies of water. These
practices reduce access to clean water and increase the pollution levels of natural waters. Therefore, the
management and treatment of wastewater are some of the initial steps to limit environmental pollution and
maintain the river basin capacity (Lee et al. 2015).

Wastewater is a general term which refers to different types of wastewater such as industrial wastewater,
hospital wastewater, domestic wastewater, public market wastewater, slaughterhouse wastewater, and grey-
water. The level of organic matter for each type of wastewater is different. Therefore, the physical, chemical,
and biological characteristics such as biochemical oxygen demand (BOD), chemical oxygen demand (COD),
high total suspended solids (TSS), heavy metals, pH, temperature and complex mixture of fats, carbohydrates,
and proteins differ (Rajakumar et al. 2011). For instance, the high concentrations of BOD and COD as well as
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Table 2 Physicochemical characteristics of wastewater before and after phycoremediation by Scenedesmus sp. (Ajayan et al.
2016)

Characteristics Before After
Colour Light brown Colourless
Odour Odourless Odourless
Temperature (°C) 26.8 NR

TSS 5.6 8.3

TDS 1753 1134

TS 4528 2768
BOD 326 212

COD 872 548

DO 1.60 11.2
Nitrate 49 21.7
Phosphorus 3.90 0.10
Chromium 12.8 5.40
Copper 4.90 1.00
Lead 32 1.91

Zinc 74 2.52

All values are in mg/L except for those otherwise mentioned

infectious agents in sewage are associated with high content of organic matter. Hence, the selection of the
treatment process depends on the wastewater composition. The major requirement in wastewater treatment is
the removal of nutrients which would reduce microbial loads in the wastewater to acceptable limits prior to
discharge and reuse (Al-Gheethi et al. 2013). Ajayan et al. (2016) studied the phycoremediation of wastewater
by Scenedesmus sp. and the composition of wastewater was found to have improved in terms of colour, TDS,
TS, BOD, COD, and DO (Table 2). The colour of wastewater changed from light brown to colourless,
whereas the TDS value decreased from 1753 to 1134 mg/L. Then, the BOD and COD values reduced from
326 to 212 mg/L and 872 to 548 mg/L, respectively. Other than that, dissolved oxygen (DO) increased from
1.60 to 11.2 mg/L. Nutrient and heavy metals composition in tannery wastewater reduced slightly. The nitrate
and phosphorus content reduced from 49 to 21.7 mg/L and 3.90 to 0.10 mg/L, respectively. On the other hand,
chromium, copper, lead, and zinc reduced by about 50% after phycoremediation (Ajayan et al. 2016).

The discharge of wastewater with high organic matter contributes to the reduction of dissolved oxygen
(DO) in water. Thus, fish and other aquatic biota cannot survive in water with a low DO content (Mohamed
et al. 2016). Besides, wastewater has high nutrient levels such as phosphorus and nitrogen (including
ammonia) that can lead to eutrophication which can be toxic to aquatic organisms. In addition, eutrophication
also depletes oxygen levels, destroys nursery grounds and leads to the extinction of certain species (Al-
Gheethi et al. 2015).

In terms of nutrients, it has been reported that wet market wastewater and slaughterhouse wastewater are
very rich in nitrogen and phosphorus (Jais et al. 2015). Slaughterhouse wastewater originates from the washing
process of meat, poultry, and fish, while wet market wastewater includes wastewater generated from the
washing of fruit and vegetables in public markets (Jais et al. 2017). These types of wastewaters are charac-
terised by the presence of high levels of nitrogen, phosphorus, COD, BOD, suspended solids, fats, oils, and
grease compared to residential wastewater (Santos and Robbins 2004). The differences between chemical and
physical characteristics of slaughterhouse wastewater and wet market wastewater are illustrated in Table 3. It
can be noted that the pH of wet market wastewater ranged from 5.6 to 7.5 (Zulkifli et al. 2011; Omar et al.
2016), while the pH of slaughterhouse wastewater ranged from pH 6.5 and 7.6 (Rajakumar et al. 2011;
Bustillo-Lecompte and Mehrvar 2015). Moreover, the slaughterhouse wastewater has higher turbidity com-
pared to wet market wastewater (275 vs. 74.9 mg/L, respectively) (Jais et al. 2015; Bustillo-Lecompte and
Mehrvar 2015). In terms of BOD and COD concentrations, it was reported that these parameters in the
slaughterhouse wastewater are more than the parameters in wet market wastewater. According to Li et al.
(2008), BOD and COD in the slaughterhouse wastewater ranged between 750 and 2895 + 585 and between
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Table 3 Characteristic of wet market and slaughterhouse wastewater

Parameter* Wet market wastewater Slaughterhouse wastewater
Jais et al. Zulkifli Noori Omar Li et al. Bustillo- Budiyono Rajakumar
(2015) et al. et al. et al. (2008) Lecompte et al. etal. (2011) etal. (2011)
(2011) (2016) (2016) (2015)
pH 5.9-6.1 5.6-5.8 5.5-6.5 7.0-7.5 NR 6.5 7.19 £ 0.06 7-7.6
Turbidity ~ 57.1-74.9 N/A NR NR NR 275 NR NR
BOD 85.39-92.62 71-122 NR NR 2895 + 585 2649 1873 + 421 750-1890
COD 448.2-464.19  381-560 1150 £ 5 1708 4672 £ 952 5577 3756 + 687 3000-4800
TSS 131.9-133.7 60-122 NR 140 1403 + 596 3092 1171 &£ 311 300-950
SOy 323 +£0.78 NR NR NR NR NR NR NR
Cl 32 + 0.69 NR NR NR NR NR NR NR
TN 369 £ 0.5 30.3-37.3 NR 288 356 + 46 156 212 £ 106 16-165
TP 1.61 £ 0.13 0-22.2 NR 66 29 £ 10 42.8 NR 16-32
TOC 118.67 £ 2.89 NR NR NR NR 862 NR NR
Oil and 5.22 £ 0.07 13-43 NR NR NR NR NR 800-1385
grease
TS NR NR NR NR NR NR NR 400-3900
TVS NR NR NR NR NR NR NR 800-1800
VFA NR NR NR NR NR NR NR 250-540
Alkalinity  NR NR NR NR NR NR NR 600-1340
(CaCO3)
TKN NR NR NR NR NR NR NR 109-325
Protein NR NR 265 £ 12 NR NR NR 1303 + 653 580-1000

* All parameters are expressed as mg L ™" except for Turbidity (NTU) and pH. Biochemical oxygen demand (BOD); Chemical
Oxygen Demand (COD); high Total suspended solids (TSS); Total Organic Carbon (TOC); Total nitrogen (TN); Total phosphorus
(TP); volatile fatty acids (VFA); TKN-Total Kjeldahl Nitrogen (TKN); Sulphate (SO,4); Total Chlorine (Cl); Total Volatile Solids
(TVS); Total Solids (TS); NR (Non-reported)

3000 and 5577 mg/L, respectively, whereas they ranged between 71 and 122 mg/L and between 381 and
1708 mg/L, respectively, in the wet market wastewater. The high concentrations of BOD and COD in
slaughterhouse wastewater might be due to the presence of blood and complex mixtures of fats, proteins, and
fibres which contribute to the increase of organic matter (Rajakumar et al. 2011; Kundu et al. 2013). The high
concentrations of nutrients in slaughterhouse wastewater might provide a more suitable environment for
microalgae growth. Nevertheless, the similarity between slaughterhouse wastewater and wet market
wastewater lies in the level of nutrients which is within the range required for microalgae growth. Therefore,
both types of wastewaters contribute to the contamination of natural water systems and eutrophication (Atiku
et al. 2016; Pahazri et al. 2016).

The increasing production and associated consumption of meat and poultry had increased the discharge of
wastewater. Between 2005 and 2013, the consumption rate increased by more than 60% for beef which increased
from 138,980 to 201,556 tons, whereas the consumption rate for chicken increased by more than 50% which rose
from 785,660 to 1,390,660 tons. The huge quantities of these foods are correlated with huge amounts of
wastewater generated. Consequently, the discharge of these wastes into the environment lead to the heavy
pollution of natural waters and the occurrence of eutrophication (Bello and Oyedemi 2009; Kundu et al.2013).

Phycoremediation of wet market and slaughterhouse wastewater and the production of microalgae
biomass
Several treatment technologies are used for the treatment of wastewater (Table 4). The proper treatment

technologies of slaughterhouse wastewater have the potential to produce high-quality wastewater that meets
the international standards for the disposal process. Anaerobic treatment in upflow anaerobic sludge blanket

’r @ Springer



182 Int Aquat Res (2017) 9:177-193

Table 4 Different technologies used to treat slaughterhouse wastewater

Technology Characteristic of slaughterhouse Efficiency References
wastewater

Anaerobic treatment in up  High organic content with average COD COD removal is 90% Ruiz et al.
flow anaerobic sludge of 8000 mg/L with 70% proteins. TSS (1997)
blanket (UASB) and represent 15 and 30% of COD
aerobic filter

Anaerobic sequencing Total chemical oxygen demand (TCOD) COD reduction is 90% within 2 days Masse and
batch reactors ranged 6908 to 11500 mg/L. of hydraulic retention time Masse (2000)

Approximately 50% in the form of
suspended solids (SS)

Moving bed sequencing COD, BOD, and suspended solids in the COD and BOD removal efficiency is Sombatsompop

batch reactor range of 4700-8000 mg/L, greater than 80 and 90%, et al. (2011)
respectively respectively. TKN removal
efficiency of 86-93%
Fixed bed sequencing The wastewater has COD loadings in the COD, TN, and Phosphorus removal Rahimi et al.
batch reactor (FBSBR) range of 0.5-1.5 kg COD/m’> per day efficiency at range 90-96%, (2011)

60-88% and 76-90%, respectively
Chemical coagulation and COD and BODs of raw wastewater in the Removal of COD and BODs more  Bazrafshan

electrocoagulation range of 5817 £ 473 and than 99% is obtained by adding et al. (2012)
techniques 2543 £ 362 mg/L 100 mg/L PACI and applied 40 V
voltage

(UASB) and aerobic filter methods exhibited high efficiency in removing COD of up to 90% (Ruiz et al.
1997). The moving bed sequencing batch reactor had been reported as an effective method for COD, BOD,
and TKN removal at 80, 90, and 86-93%, respectively (Sombatsompop et al. 2011). Rahimi et al. (2011)
studied the treatment of slaughterhouse wastewater with a fixed bed sequencing batch reactor (FBSBR). The
study showed that COD, TN, and TP removal efficiency ranged between 90 and 96%, 60 and 88%, and 76 and
90%, respectively. The electrocoagulation and chemical coagulation techniques for slaughterhouse wastewater
treatment had successfully removed COD and BOD5 by more than 99% after adding 100 mg/L. PACI and
applying 40 V voltage (Bazrafshan et al. 2012).

Most technologies such as anaerobic treatment as well as chemical coagulation and electrocoagulation
techniques are effective for the reduction of the main parameters of wastewater (Sombatsompop et al. 2011;
Bazrafshan et al. 2012). However, the cost of the treatment technology should be considered especially in
developing countries. Besides, these technologies are designed in a centralised system in which a sewerage
network is needed to collect the wastewater generated from different wet markets and slaughterhouses into the
central treatment plant and this represents the main challenge in developing countries. Therefore, to reduce the
huge quantities of untreated wastewater discharged into the environment, an individual system fixed at each
wet market and slaughterhouse location might contribute significantly to the requirements. Phycoremediation
might be an alternative technology, because it is cheaper and more effective for removing nutrients compared
to other methods (Kwarciak-Koztowska et al. 2014; Sethupathy et al. 2015; Wurochekke et al. 2016). The
phycoremediation process is a microalgae-based technology where microalgae are inoculated into wastewater
which acts a culture medium. The microalgae cell growth in the wastewater leads to the removal of nutrients
via the assimilation mechanism (Kwarciak-Koztowska et al. 2014; Satpal and Khambete 2016). Besides,
phycoremediation of wastewater using microalgae produces large amounts of biomass which have recently
been used for several applications such as animal and fish feeds, fertilizers, as well as biofuel (Al-Darmaki
et al. 2012).

Many microalgae species have been used in the phycoremediation process of wastewater. Scenedesmus sp.
is one of the most common microalgae used, because it has high potential to tolerate acidic eutrophic water
conditions and a wide range of temperature for growth (20-36 °C). Therefore, the lipid and carbohydrate
contents in their cells are normally high (Xin et al. 2011; Cassidy 2011; Baharuddin et al. 2016). Microalgae
have the ability to grow in an environment with pH ranging from 7 to 9.5 at which the microalgae exhibit a
higher efficiency in capturing CO, in the atmosphere which then induces the high production of biomass (Liu
et al. 2005; Zang et al. 2011). However, chlorophyll content in microalgae decreases when the pH value

’r @ Springer



Int Aquat Res (2017) 9:177-193 183

increases from pH 8.5 to 9.5. The decrease in chlorophyll content is associated with low microalgae activity
and the low removal of nutrients from wastewater. Rai et al. (2015) revealed that the maximum production of
the biomass was recorded at pH 7 (1.3 g L™"), while the lowest production was noted at pH 8 (0.9 g L™").
Therefore, the pH of wastewater during the phycoremediation process needs to be within the optimal pH
range. This can be achieved using a continuous operating system where new wastewater is added to renew
microalgae growth and to provide more nutrients. Moreover, pH factor is one of the many factors, which has
more influence on microalgae growth. For example, temperature is a vital factor which has a linear rela-
tionship with microalgae growth, because it is able to modify growth rates and bio-product productivity
(Huang et al. 2008; Ras et al. 2013; Minhas et al. 2016). Effects of temperature include cellular chemical
composition, rate of photosynthesis, nutrient uptake, CO, fixation, and respiration intensity (Tan et al. 2009).
Scenedesmus sp. grows within a temperature ranging between 10 to 40 °C. To counteract temperature fluc-
tuation, the microalgae cell will undergo the shrinking process (Ras et al. 2013). Spirulina plantesis exhibited
maximum growth at 35 °C (0.091 doubling/day), while it dropped to 0.041 doubling/day at 40 °C. The
variations in the surrounding temperature of the microalgae production medium might also affect the
chlorophyll and protein content (Cassidy 2011; Xin et al. 2011). At high temperature, the chlorophyll and
protein content in the microalgae cell is reduced, but the carotenoids, saccharides (sugars), and lipids will
increase (Cassidy 2011). Microalgae growth rates are inversely proportional to the cell size. The cell sizes
increases at low temperature but shrinks at high temperature (Chen et al. 2012). At a lower temperature (4 °C
or below), photosynthesis is completely inhibited (Takemura et al. 1985).

Another factor which affects microalgae growth and cell content is light (Kumar et al. 2011; Pérez-Pazos
and Fernandez-Izquierdo 2011). The variation in light intensity and photoperiod might influence lipid pro-
duction in the microalgae cells, because lipoid production is associated with carbon content (Pérez-Pazos and
Fernandez-Izquierdo 2011). Microalgae use carbon at low light intensity to synthesise amino acids, whereas
under saturated light, the microalgae cells produce sugars, lipids, and starch (Pérez-Pazos and Ferndndez-
Izquierdo 2011). Rai et al. (2015) estimated biomass and lipid production under different light and dark
periods. The study revealed that the maximum biomass (0.54 g/L) and lipid yield (0.079 g/L) were recorded
when microalgae were exposed to light for 24 h, whereas the minimum production amounted to 0.25 and
0.04 g/L. for biomass and lipids, respectively, with 8 h of incubation under light. However, excessive light
exposure can cause light prohibition in microalgae (Ren 2014). Kumar et al. (2011) found that the maximum
light intensity to produce carotenoid in Spirulina platensis was 3500 1x, while the highest amount of biomass
was obtained at 2000 Ix (0.71 g/L).

In general, wastewater contains a high level of nutrients (nitrogen, phosphorus, and carbon) and organic
matter which act as elements to increase microalgae biomass (Riano et al. 2016). The availability of nutrients
in wastewater such as nitrogen can improve the production of biomass. Riano et al. (2016) indicated that
C.sorokinianabiomass produced 3.0-4.5% dry matter from nitrogen uptakes, whereas the nitrogen content in
biomass cells ranged from 27 to 40%. The nitrogen levels in wastewater affect microalgae lipid production
and growth rates by 1-10% (Minhas et al. 2016) as high concentrations of nitrogen might increase the quantity
of microalgae biomass. In contrast, the production of lipid and carbohydrates increases when there is nitrogen
deficiency. Li et al. (2008) reported that Neochloris sp. and Nannochloropsis sp. had increased lipid yield
under conditions of nitrogen deficiency, while Tetraselmis sp. and Scenedesmus sp. had an increased pro-
duction of carbohydrates under similar conditions (Minhas et al. 2016). Hence, to optimise the production of
biomass alongside with high lipid yields, microalgae should be cultivated in nitrogen rich conditions for high
production of biomass yield and then transferred to low nitrogen conditions for lipid production.

Carbon source also has an effect on microalgae biomass. Makareviciene et al. (2011) reported that the
biomass yield of Chlorella sp. and Scenedesmus sp. increased simultaneously with the increase of CO,
concentrations. The study revealed that at a carbon dioxide concentration of 24%, the growth of microalgae
reached a maximum biomass of 0.2 and 0.12 g/L, respectively, for Chlorella sp. and Scenedesmus sp.

Phosphorous essential for the production of algal biomass is needed in quantities of approximately
0.03-0.06% in the medium to sustain algal growth (Hannon et al. 2010). Phosphorus is present in wastewater
as orthophosphate (PO,*~) which is optimal for the production of microalgae biomass (Solovchenko et al.
2016). Rasala and Mayfield (2015) reported that phosphorus uptake by microalgae from wastewater is stored
in cells in the form of polyphosphate. Mulbry et al. (2008) revealed that microalgae have a high efficiency in
removing phosphorus from wastewater as much as 70 to 90%. Microalgae take up inorganic phosphate from
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wastewater via luxury uptake in which algae cells absorb much more phosphate from water than what is
necessary for growth (Solovchenko et al. 2016). Microalgae growth and phosphate uptake from wastewater are
linearly proportional to biomass yield. However, the phosphorus uptake from wastewater can be limited by
factors such as light (self-shading), carbon dioxide, and oxygen levels. The main pollutant which is normally
used by microalgae is phosphorus. Phosphorus is released into the waterways from farm manure, fertilizers,
detergents, industrial effluents, human waste, and decaying plants (Sen et al. 2013). Phosphorus is essential for
the synthesis of nucleic acids, phospholipids, and phosphate esters, and microalgae can obtain phosphorus
from wastewater to stimulate growth due to their role in metabolic and anabolic pathways (Pahazri et al.
2016). Jais et al. (2017) stated that dried microalgae use phosphorus to build cells via an anabolic pathway.
Phosphorus levels in wastewater should be considered, because it may limit microalgae growth (Pahazri et al.
2016; Jais et al. 2017). Orthophosphate is the most preferred form of phosphorus for microalgae growth as it
easily binds to iron and action for extracellular hydrolytic enzymes. Thus, wastewater with a high concen-
tration of phosphorus and a low amount of iron can be a good medium for microalgae growth.

Extraction and determination of nutritional values of microalgae biomass

Numerous analytical techniques including chromatography, capillary electrophoresis, infrared spectroscopy,
light scattering detection, and nuclear magnetic resonance spectroscopy have been used for measuring the
concentration of carbohydrates in microalgae biomass yields. The easiest, low-cost method for the determi-
nation of the concentration of carbohydrates is using the calorimetric method. This method depends on the
reaction between a reagent (Phenol) and hydrolysed carbohydrates which further develops a colour complex
detected using an electromagnetic spectrum. However, this method is less accurate for determining carbo-
hydrates in very low concentrations. Besides, the chemical reagents can cause serious health problems such as
being corrosive to skin, eyes, and some may even affect the respiratory system (Albalasmeh et al. 2013). High-
performance liquid chromatography (HPLC) is highly efficient in the determination of carbohydrates in
microalgae biomass. HPLC is rapid, specific, sensitive, and precise. Gas chromatography—mass spectrometry
(GC-MS) is another technique used for measuring carbohydrates in biomass yield. However, in this method,
the carbohydrates should be extracted before the test. Carbohydrates can also be determined using the cap-
illary electrophoresis method after being extracted with borates. Carbohydrates are separated in the gel based
on size when voltage goes through it. The smaller the size of the particles, the further away it gets in the gel
across the electric field.

Extraction of protein from microalgae is crucial to increase protein efficiency and there are several methods
for microalgae extraction such as bead beating, sonication, potter homogenisation, and microwaves to disrupt
the microalgae cell wall. Schwenzfeier et al. (2011) used bead milling for the extraction of proteins from
Tetraselmis sp. The results revealed that the protein yield increased from 36 to 64%. Barbarino and Lourenco
(2005) and Murphy et al. (2000) both indicated that the extraction of protein using potter homogeniser and
sonication increased the yield of protein compared to non-grinding microalgae biomass. Lee et al. (2010)
claimed that the microwaves method is efficient for extracting protein from Botryococcus sp. C. vulgaris and
Scenedesmus sp.

Protein content in microalgae biomass can be quantified using the calorimetric method (Bradford 1976;
Lowry et al. 1951; Smith et al. 1985) which depends on nitrogen elements (Lopez et al. 2010). Bovine serum
albumin (BSA) is the most common substance which is used as a protein standard for calibration curves in the
spectrophotometer (Barbarino and Lourenco 2005). The reagent substrate used in the calorimetric method is
coomasie brilliant blue-G250 dye (CBB-G) which binds to amino acid residues on the microalgae strain
(Bradford 1976). However, CBB-G yields a low concentration of protein compared to Lowry assay (1951)
which depends on the use of Trichloroacetic acid (TCA) for protein recovery on microalgae pellets (Murphy
et al. 2000). In addition, the previous studies conducted on the determination of proteins based on the usage of
CBB-G in the calorimetric method in Porphyridium sp., Phaeodactylum sp, and Dunaliella sp. demonstrated
that the protein yield from biomass may differ due to the interference of several substances such as Phenol
(Murphy et al. 2000). Therefore, TCA is more accurate for the determination of proteins, since the function of
TCA is to coagulate with amino acids (Rajamani and Hilda 1987). Proteins are formed by linkages of amino
acids (Craig 2009). There are ten essential amino acids that cannot be synthesised by fish. These amino acids
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include methionine, arginine, threonine, tryptophan, histidine, isoleucine, lysine, leucine, valine, and
phenylalanine, and should be supplied through the diet (Craig 2009). The fish feed prepared using plant
(soybean meal) protein are typically low in methionine; therefore, extra methionine must be added to soybean
meal-based diets to promote optimal growth and health (Ajani et al. 2016). Thus, it is important to know and
match the protein requirements and the amino acid requirements of each of the fish species.

Rodriguez et al. (1997) studied the amino acids found in two species of microalgae (Chlorella pyrenoisdosa
and Chlamydomonasreinhardii) via high-performance liquid chromatography (HPLC) using pre-column flu-
orescence derivatisation. The study revealed that the predominant amino acids found in Chlorella pyrenois-
dosa were arginine, alanine, lysine, serine, and glutamic acid, whereas in C. reinhardii, the predominant
amino acids were alanine, arginine, leucine, lysine, serine, and glutamic acid. The high content of amino acids
may be explained by their roles as a nitrogen reserve and for tricarboxylic acid metabolism (Rodriguez et al.
1997). Derrien et al. (1998) determined free amino acids from five species of microalgae which are commonly
used in aquaculture such as Tetraselmis suecica, Skeletonema costatum, Chaetoceros calcitrans, Thalassiosira
sp., and Isochrisis galbana. The microalgae species belonging to S. costatum and C.calcitrans had aspartic
acid as a dominant amino acid and about 10% of isoleucine. Thalassiosira sp.is rich in serine, glutamic acid,
and tyrosine. I. galbana showed a completely different composition in free amino acids, with 67.9% of
tyrosine followed by serine and arginine. Different cultivation conditions such as temperature, light, pH, and
mixing can affect the amino acid composition of microalgae for aquaculture feed (Derrien et al. 1998).

Other than protein and amino acids, lipids are also an important component in microalgae biomass. There
are several methods for lipid extraction from microalgae (Table 5). It appeared that electroporation and the
pressurized solvent extraction method for lipid extraction had the highest efficiency compared to other
methods such as organic solvent, bead beating, and osmotic shock method (Kumar et al. 2015). Besides
efficiency rating, the energy consumption, cost, and environmental effects should also be considered. Organic
solvent, pressurized solvent extraction, and bead beating methods have high energy requirement in terms of
extraction, whereas electroporation and osmotic shock had less energy consumption. Usually low energy
consumption methods are cost-effective methods. For instance, osmotic shock requires less energy and low
operation cost. Lipid extraction is performed through the hexane Soxhlet extraction and Bligh—Dyer method of
2:1 methanol—chloroform (Bligh and Dyer 1959; Zhang and Hong 2014). However, different microalgae
strains show different efficiencies in terms of lipid extraction where the Soxhlet method is normally used for
high-quality lipids (fatty acid and triglycerides), whereas the Bligh—Dryer method is normally used for
extracting total lipids from microalgae.

The Soxhlet extraction method (AOAC 1995) is the quantification of lipids using solid-liquid extraction in
the Soxhlet apparatus. In this method, the solvent is boiled, condensed and passed through microalgae tissue
several times for lipid extraction. Then, the solvent is evaporated before the fat is weighed. However, the
Soxhlet method needs a large amount of solvent and it is time-consuming. Besides that, lipids can also be
determined using near infrared spectroscopy (NIR) at specific wavelengths. The carbonyl group in the ester
linkage of lipids is capable of absorbing infrared energy. The method is non-destructive and the microalgae
biomass sample can be used for contaminant analysis. However, NIR is not widely used for lipid determi-
nation. King (2002) had demonstrated the use of the supercritical fluid extraction method (SEF) to extract
lipids. The samples are extracted with liquid carbon dioxide (solvent) before the evaporation and weighing

Table 5 Different lipid extraction methods: cost and energy efficiency (Kumar et al. 2015)

Method Efficiency  Cost Energy Remarks
rating requirement
Organic solvent Moderate High Intensive Health and Environmental Hazard
Pressurized solvent ~ High High Intensive Health and Environmental Hazard
extraction
Bead beating Moderate Cost-effective Intensive Difficult to scale up
Electroporation Very high  Initial investment high cost then Less energy  Appears promising but need to study
operate lower cost for pilot scale
Osmotic shock Moderate— Low-cost method Less energy ~ Longer treatment time >48 h
high
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process. The SFE method is effective for lipid quantification and no organic solvent is needed for analysis, but
it is an expensive method. The lipid extraction methods described by Folch et al. (1957) and Bligh and Dyer
(1959) are used as standard procedures for total lipid recovery. Folch et al. (1957) described a method known
as a single-step extraction method for lipid recovery. The method used chloroform: methanol (2:1) to extract
lipid before washing it with 0.9% potassium chloride (KCl). Bligh and Dryer method (1959) consists of a
three-step solvent extraction method for lipid quantification. The method used methanol: chloroform, followed
by chloroform and water extraction. The lipid is determined by evaporation of the solvent. Both of these
methods are simple and well established, but the Bligh and Dryer (1959) method can analyse microalgae
biomass directly without pre-drying treatment.

Cho et al. (2012) examined various solvents to extract lipid from microalgae. The solvents include acetone,
hexane, hexane:ether (1:1, v/v), ethanol, and chloroform:methanol (2:1, v/v). The results revealed that
chloroform:methanol was the best solvent for lipid extraction with an efficiency of 15% (w/w) compared to
1.3, 2.1, 4.5, and 11.1% (w/w) of lipid obtained using acetone, hexane, hexane:ether (1:1, v/v), and 70%
ethanol, respectively. However, using chemical solvents for the quantification of lipid has several disad-
vantages related to their high toxicity towards humans and the surrounding environment (Zhang and Hong
2014). In terms of the lipid contents in microalgae cells, it has been found that Scenedesmus sp. has the highest
lipid content compared to Chlorococcum sp. and Chlorella sp. with 24% lipid per dry weight during the early
stationary phase (Jena et al. 2012). Dayananda et al. (2010) reported that the lipid content from Botryococcus
sp. extracted using chloroform: methanol (1:2) reached 14%.

In lipid extraction, fatty acid methyl ester (FAME) analysis is used to determine docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) which are essential for fish growth. Fatty acids such as eicosapen-
taenoic acid (EPA: 20:5n-3) and docosahexaenoic acid (DHA: 22:6n-3) cannot be synthesised by freshwater
fish and must be supplied through diet. Both of these fatty acids are necessary for metabolic functions and
cellular membrane components. Prommuak et al. (2012) investigated the fatty acid profile of Chlorella
vulgaris using GC analysis. The most abundant FAME was methyl linoleate, methyl palmitate, and a small
amount of methyl oleate and stearate. These FAMEs were reported to be the most common components in
crops (Prommuak et al. 2012). Microalgae are the primary producers of polyunsaturated fatty acids (PUFAs).
Pieber et al. (2012) extracted PUFA from Nannochloropsisoculata using the pressurized fluid extraction
technique (PFE) and accelerated solvent extraction (ASE) using different solvents. N. oculata was rich in
eicosapentaenoic acid (EPA) when extracted via ethanol extraction (36 + 4 mass%) compared to low yields
from n-hexane extraction (6.1 + 0.3 mass%). The EPA yield of 3.7 & 0.1 mass% with the use of ethanol
indicates that EPA production from N. oculata is economically beneficial.

Microalgae biomass quality as fish feed

Aquaculture refers to the production of aquatic organisms such as shrimp, fish, crustacean, and shellfish in
cages. Globally, aquaculture has developed rapidly to reduce the gap between market demand and supply. Fish
stock worldwide has been declining due to overfishing, but the demand for food has been steadily increasing
(Focardi et al. 2005). Therefore, aquaculture development is an alternative way to fulfil the demand for
seafood worldwide. The sustainability of the aquaculture industry depends on several factors such as wild
stock and fisheries production (Focardi et al. 2005). The aquaculture industry relies on juvenile fish being
caught from the wild to supply stock rather than using hatcheries which cause the bycatch of other species. It is
reported that 15-20 billion fry of other species such as finfish and shellfish in Honduras, Indian, and Ban-
gladesh has been left aside after accidentally being caught from the wild (Islam et al. 2004; Sarkar and
Bhattacharya 2003).

The increasing demand for seafood has led to the intensive development of aquaculture industries all over
the world (Gao et al. 2016). However, the development of the aquaculture industry leads to increasing feeding
cost and wastewater problems caused by fish food residue and fish faeces (Roy et al. 2011; Gao et al. 2016).
High nutrient content such as carbon, phosphorus, and nitrogen from uneaten fish food and faeces leads to
eutrophication and the outbreak of diseases. However, the improvement of feed quality can help reduce
nutrient pollutants in water columns (Focardi et al. 2005; Mente et al. 2006). High level of nutrients in water
columns from fish farming may create favourable conditions for the growth of dinoflagellates (Mente et al.
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2006) and lead to harmful algal blooms (HAB) which can deplete oxygen level, reduce light penetration, and
release toxins associated with paralytic shellfish poisoning. The previous studies by Joseph et al. (1988) and
Michels et al. (2014) had turned problems into opportunities in which integrated aquaculture systems were
used to convert waste into algal biomass. The cultivation of microalgae in aquaculture wastewater has been
reported where the microalgae may help eliminate excess nutrients from wastewater and produce biomass
which can be converted into potential bio-products (Joseph et al. 1988; Michels et al. 2014).

The high feeding cost of wild catch for the production of fish oil and fish meal had caused a decline in the
aquaculture industry. Besides that, fishmeal is expensive (Abdulrahman and Ameen 2014). Thus, the
replacement of fish meal using microalgae as a protein source may help to resolve problems existing within
the aquaculture industry. Microalgae incur low cost compared to fish meal (Abdulrahman and Ameen 2014).
Microalgae biomass has been used widely to substitute the traditional fish meal due to their positive effects on
fish growth, feeding efficiency, nutrient composition, and fish body development (Roy et al. 2011). Microalgae
also have high nutritional values such as protein, carbohydrates, lipid, and trace elements such as vitamins
which are considered important for aquaculture (Guedes and Malcata 2012, Skarka 2012). Microalgae are
used as a live feed for all growth stages of bivalve molluscs such as oysters, scallops, clams and mussels,
crustaceans, and some fish species (Brown 2002). The nutritional value of microalgae is due to the presence of
essential macro and micronutrients in their cells (Guedes and Malcata 2012). It has been reported that
microalgae cells have 30-40% of protein, 10-20% of lipid content, and 5-15% of carbohydrates (Brown
2002). Therefore, microalgae have high potential to be used as an alternative protein source for fish feed
(Sirakov et al. 2015). The composition of microalgae biomass in terms of nutritional value: protein, carbo-
hydrates, and lipid, is illustrated in Table 6. Based on the data presented in the table, it can be seen that
Spirulina maxima has the highest protein percentage (60-71%), followed by C. vulgaris (51-58%) and S.
obliquus (50-56%). In contrast, Dunaliellasalina has the highest carbohydrate content (32%) followed by
S.dimorphus (21-52%) and Tetraselmismaculata (15%). S.dimorphus has the highest lipid composition
(16-40%) followed by B.braunii (Tartiel 2005; Um and Kim 2009).

Several studies have been conducted on microalgae in fish diets. The utilisation of microalgae as fish feed
has induced the growth rate of fish, increased feeding utilisation efficiency and physiological activity,
increased the resistance for several diseases, improved stress response, and improved protein retention (Si-
rakov et al. 2015). Algae meal has been also recommended as a good feed complement for counteracting
intestinal inflammation produced by soybean meal and is used as a binding agent for aqua feed palletisation
(Hashim and Saat 1992; Grammes et al. 2013). Microalgae have been proven as an alternative for fish feed
which can reduce cost but, at the same time, provide high protein content to the consumer (Sirakov et al.
2015).

Microalgae biomass used as fish meal for improving fish growth rate is related mainly to the high content of
carbohydrates, lipids, and proteins. The carbohydrates in microalgae are available in the form of starch which
is easily metabolised by fish (Choix et al. 2012). Carbohydrates represent the main energy source for animals

Table 6 Composition of microalgae biomass in term of nutritional value: protein, carbohydrate, and lipid (Tartiel 2005; Um and
Kim 2009)

Microalgae species Protein Carbohydrate Lipid
Botryococcus braunii 40 2 33
Chlorella sp. 46.7 11.6 14.8
C. vulgaris 51-58 12-17 14-22
Dunaliella Salina 57 32 6

D. bioculata 49 4 8
Scenedesmus sp. 52.3 10.06 12.2
S. dimorphus 8-18 21-52 16-40
S. obliquus 50-56 10-17 12-14
Spirulina maxima 60-71 13-16 67

S. platensis 42-63 8-14 4-9
Tetraselmis maculata 52 15 3
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including fish. Besides that, the production of astaxanthin from microalgae has been used to enhance
colouration for salmon and rainbow trout (Skarka 2012). Common species which produce astaxanthin are
Haematococcus sp., Chlorella sp., Chlorococcum sp, and Xanthophyllomyces sp.

The development of the aquaculture industry in Malaysia requires the consumption of fish meal and fish oil.
However, fish meal and fish oil are highly dependent on wild catch fisheries as a source of fish food. The
production of aqua feeds is essential as a source of dietary lipids (fish oil) and proteins (fish meal). Dietary
protein levels for different species vary from 30 to 57%, and 5 to 8% for dietary lipid levels (Mente et al.
2006). Other critical problems related to the wild catch of fisheries include high cost and limited stock. To
reduce the pressure on the demand for fishmeal and fish oil, it needs to move towards sustainably produced
plant-based feeds. Table 7 shows the trend of fishmeal and fish oil consumption in the aquaculture industry for
three products: salmonid, shrimp, and marine finfish. It is clear that there was an increase in fishmeal and fish
oil consumption which was 343,000 tonnes of fishmeal (1992) to 789,000 tonnes fishmeal for salmonid,
232,000 tonnes to 670,000 tonnes fishmeal for shrimp, and 180,000 tonnes to 590,000 tonnes for marine finfish
(Tacon et al. 2006).

The substitution of fishmeal with proteins from plants is becoming a necessity, because high-quality plant
proteins are readily available. It also involves low-cost fluctuation and sustainable production (Mente et al.
2006). Currently, the replacement of fishmeal is constrained by anti-nutritional factors that cause adverse
effects on fish health. For instance, carbohydrate content in soya was found to be less suitable for rainbow
trouts (Oncorhynchus mykiss) as it can cause prolonged postprandial hyperglycaemia (Panserat and Kaushik
2002). Therefore, in-depth research is needed to understand the dietary requirements of fish for the devel-
opment of diets that can replace fishmeal as the major source of dietary protein for farmed fish

Microalgae is seen as a fish feed alternative due to their low production cost, rapid growth rates, abundance
in stock, and high nutritional value. It was found that microalgae biomass have successfully been used as fish
feed for Tilapia (Oreochromisniloticus) and provided sufficient protein to enhance fish weight (Badwy et al.
2008; Vizcaino et al. 2014; Norambuena et al. 2015).

Roy et al. (2011) examined the use of microalgae biomass as fish feed. The study formulated algae mix
feeds and the feed contained 10.32% of crude lipid, 24.29 kJ/g of gross energy, 7.08% of calcium, and 1.46%
of phosphorus. Feeding fish (Oreochromis sp.) with a mixed algal diet had increased the survival rates of fish
by 99.7% compared to the conventional feeds (96.5%). It has also increased fish body weight from 1.85 to
7.96 g (303.27%) compared to 1.85-6.5 g for the conventional feed. Abdulrahman and Ameen (2014) had
formulated a diet for carps (Carpinuscarpio) using Spirulina sp. in five different dried microalgae compo-
sitions: 0% (T1), 5% (T2), 10% (T3), 15% (T4), and 20% (T5). The study was conducted to determine the
weight gain and survival rates of carp feed on Spirulina sp. The results found that carps fed with 10% of dried
Spirulina sp. (T3) had a higher body weight (16.593 g) compared to other replacements T1, T2, T4, and T5
which resulted in body weight measuring 8.375, 12.663, 13.000, and 15.033 g, respectively. Besides that, the
carp showed a higher survival rate for T2 (92.857%) and T4 (92.857%).

Radhakrishna et al. (2015) investigated the effects of replacement for 25, 50, 75, and 100% of C. vulgaris
biomass on the growth performance, energy utilisation, and digestive enzyme of freshwater prawn during the
post-larvae stage (Macrobrachiumrosenbergii). From the study, it was reported that 50% of fishmeal replaced
with C. vulgaris enhanced the growth performance (1.252 £ 0.04 g/day), survival rate (93.33 £ 2.50%), and
feeding rate efficiency (2.54 £ 0.22%). It was concluded that C. vulgaris was easily absorbed and digested by
animals. Microalgae applications as aquaculture feed are presented in Table 8 which summarised microalgae
potential as aquaculture feed. The highest growth rate of Nile Tilapia had been reported by Attalla and Mikhail

Table 7 Estimated use of fishmeal and fish oil for three types of aquaculture products (Adapted from Tacon et al. 2006)

Aquaculture product 1992 (tonnes) 2003 (tonnes)

Fishmeal Fish oil Fishmeal Fish oil
Salmonid 343,000 107,700 789,000 535,000
Shrimp 232,000 27,800 670,000 58,300
Marine finfish 180,000 36,000 590, 000 110,600
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Table 8 Microalgae applications as aquaculture feeds

Microalgae species Types of fish/aquaculture Growth rate (%) References

Chlorella spp. Nile Tilapia 50 Badwy et al. (2008)
Scenedesmus spp. 50

Dunaliella spp. Nile Tilapia 50-75 Attalla and Mikhail (2008)
Schizochytrium sp. Channel catfish 2 Li et al. (2009)

Spirulina Mekong Giant Catfish 5-10 Tongsiri et al. (2010)
Tetrasel missuecica Sea Bass 10-20 Tulli et al. (2012)
Spirulina platensis Angel fish 5-20 Mabhsa et al. (2013)
Arthrospira plantesis Whiteleg Shrimp 25-75 Macias-Sancho et al. (2014)
Scenedesmus almeriensis Gilthead seabream 12-39 Vizcaino et al. (2014)
Entomoneis spp. Juvenile Atlantic Salmon 2.5 Norambuena et al. (2015)

(2008) followed by Badwy et al. (2008). Attalla and Mikhail (2008) used Dunaliella spp. as feeds and
achieved 50-75% growth rates for Nile tilapia. Badwy et al. (2008) studied two types of microalgae species
known as Chlorella spp. and Scenedesmus spp. The studied reported a growth rate of 50% for Nile tilapia
when microalgae were used as fish feed. The lowest growth rates were reported by Li et al. (2009) for Channel
catfish feeding on Schizochytrium sp. (2%), followed by the growth rate of juvenile Atlantic Salmon feeding
on Entomoneis spp. (2.5%) (Norambuena et al. 2015).

Conclusion

This review has attempted to give an overview of the potential of microalgae in the phycoremediation of wet
market wastewater and slaughterhouse wastewater as well as the use of microalgae in the production of
microalgae biomass. It is hoped that the reader can obtain a clearer idea of the characteristics of these types of
wastewater and the treatment processes used for these types of wastewater before they are finally discharged
into the environment. The potential of wet market wastewater and slaughterhouse wastewater as a production
media of microalgae biomass as well as the potential of biomass yields as fish feed have been explored in this
paper. Therefore, these aspects need to be investigated further to promote the use of microalgae as aquaculture
feed and their role in improving the characteristics and quality of fish feeding on biomass. Microalgae exhibit
high effectiveness as an alternative nutrient source due to high levels of proteins, lipids, and carbohydrates.
Moreover, the characteristics of wastewater are important for phycoremediation efficiency and biomass
production. Wet market wastewater and slaughterhouse wastewater with a high content of total nitrogen and
phosphorus are more suitable for algae growth and biomass yield production. Therefore, the phycoremediation
process of wet market wastewater and slaughterhouse wastewater shows promise for the future of aquaculture.
Currently, common treatment methods aim to reduce the main pollutants from waste such as sewage.
However, wet market wastewater and slaughterhouse wastewater are quite different from sewage or other
types of industrial wastewater which are rich in pathogens and heavy metals. Therefore, it represents a very
good resource for biomass yields. All future research studies should also look into recycling and reusing
treated wastewater, so that there will be minimal or zero net sludge generation.
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