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Although co-cultivation of algae with aquaculture products has the potential to reduce water use and pollutant
discharges while producing energy feedstocks and other end-products, little research has been carried out in
this area. Maintaining axenic conditions (algal monocultures without other microorganisms) in algal culturing
systems using aquaculture wastewater as a nutrient source would not be practical. This study examined the ef-
fects of the use of aquaculture wastewater as a nutrient source on biomass development of three algae cultures
(indigenous mixed species consortium, Chlorella sp. and Scenedesmus) under axenic and non-axenic conditions.
Biomass development was assessed by cell growth, chlorophyll, starch and lipid production. The presence of
aquaculture microorganisms decreased biomass productivity in Chlorella but not in the other algae cultures.
Non-axenic conditions had no effect on overall starch and chlorophyll production; however, significantly higher
lipid contents were achieved under non-axenic conditions for Chlorella and the indigenous culture. The higher
algal lipid content for these cultures under non-axenic conditions may have been due to competition with bac-
teria for nutrients. The presence of bacteria was required for effective removal of organics, while effective nitro-
gen removalwas observed in all systems containing algae. Results from this study also show that algae harvesting
should be timed to coincide with the peak production of the desired target end-product (biomass, chlorophyll,
starch or lipid).

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The aquaculture industry has grown to meet increasing worldwide
fish and protein demands [1]. As the scale and intensity of production
increase, the volume and concentration of pollutants in the wastewater
from aquaculture systems also increase. In addition, there is increasing
emphasis on the need for aquaculture facilities to meet effluent stan-
dards for wastewater contaminants, such as solids organics, nitrogen
(N) and phosphorus (P). However, conventional wastewater treatment
processes have high capital, energy and chemicals costs and do not re-
cover nutrients to produce useful or commercially viable end-products.
Therefore using an integrated, biological approach that facilitates energy
and cost savings and produces useful end-products, such as algal bio-
mass, and intracellular products should be favored [2,3].

Aquaculture wastewater has been used previously to support symbi-
otic photoautotrophic growth using various co-cultivation approaches,
such as aquaponics [3–6]. A potential alternative for integration of algae
cultivation with aquaculture is shown in Fig. 1. Algal co-cultivation may
be more advantageous than aquaponics because it has the potential to
tal Engineering, University of
ited States.
improve water quality and increase dissolved oxygen concentrations,
which improves the target species' health, while producing a feedstock
for onsite energy production and/or feed supplementation [3–5,7,8].
Drapcho and Brune [5] used algae in a partitioned aquaculture system
to reduce ammonia concentrations and increase dissolved oxygen con-
centrations required for fish health. Haglund and Pedersén [7] used
macrospecies algae, Gracilaria tenuistipitata, for wastewater treatment
and epiphyte control in a rainbow trout system. Several prior studies pro-
duced algae for use as an onsite aquaculture feed supplement and found
that algae grown on aquaculture wastewater had higher growth rates
and protein contents and were more nutritious (containing a more
complete amino acid profile) than non-leguminous plants such as oats,
barley and rye [3,8–10]. Bioflocs technology (BFT) is an example of co-
cultivation that takes advantage of the synergy between aquaculture,
algae and microorganisms [6]. Bioflocs are an aggregate combination of
heterotrophic bacteria, algae, colloidal particles and polymeric substances
that can be used to supplementfish feed. The process also facilitatesN im-
mobilization and recovery [11].

The use of aquaculturewastewater as a nutrient feed for algae produc-
tion increases the chances of contamination bymicroorganisms and non-
target algal species. Many prior studies of algae photobioreactor systems
have used axenic conditions (i.e. algalmonocultureswithout othermicro-
organisms) [12–15]. However, it would not be practical or economically
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Fig. 1. Proposed integration of algae co-cultivation with aquaculture.

Table 1
Aquaculture wastewater feed characteristics.

Mean concentrations Axenic Non-axenic

TN (mg/L) 17.9 18.5
NO3

− (mg/L as N) 17.6 18.1
COD (mg/L) 238 253
TP* (mg/L) 17.0 17.5
PO4

3−-P* (mg/L) 16.9 17.1
pH 6.94 6.97
Transmissivity (%) 99.0 97.8
HPC (CFU/100 mL) 0 183

153T. Halfhide et al. / Algal Research 6 (2014) 152–159
viable to maintain axenic conditions in large-scale open pond systems
[13,14]. Non-target algae, bacteria or protozoans may compete with the
target algal species for nutrients and light or may be toxic or predatory
in nature [13,15–17]. However, some prior studies have shown that the
presence of bacteria can improve algae production bymaking the system
more resilient [7,17,18] (i.e., able to maintain its function although exter-
nal stress and disturbances were present [18]). This increased resilience
may be due to the ability of indigenousmicroorganisms to: 1) mineralize
organic substrates to inorganic forms that are more bioavailable to algae
[19,20]; 2) produce growth factors and micronutrients that support
algal growth; and/or 3) convert toxic ammonia to nitrite and nitrate
through nitrification [21–23]. In addition, the use of algae–bacteria con-
sortia has the potential to reduce downstream processing costs. When
cultures contain a mixture of algae and bacteria, algal cells have been
shown to produce a matrix of carrageenan or alginate, which facilitates
autoflocculation [24].

This is the first peer reviewed study to examine how indigenous
microorganisms present in aquaculturewastewater affect algal biomass
and end-product production. Three algal cultureswere studied: amixed
indigenous consortium and pure cultures of Chlorella and Scenedesmus.
The effects of axenic and non-axenic conditions on the ability of the sys-
tem to maintain function and resilience were assessed. Two success
criteria were used to examine system resilience: productivity of desir-
able end-products (biomass, chlorophyll, starch and lipids) and removal
of nitrate and organic matter from the wastewater.
Potassium (K) (mg/L) 66 65
Calcium (Ca) (mg/L) 62 64
Sodium (Na) (mg/L) 21 21
Sulfur (S) (mg/L) 15 16
Magnesium (Mg) (mg/L) 10 11
Iron (Fe) (mg/L) 0.016 0.069
Zinc (Zn) (mg/L) 0.011 0.022
Copper (Cu) (mg/L) 0.006 0.007
Manganese (Mn) (mg/L) 0.002 0.003
Aluminum (Al) (mg/L) bMDL 0.006

*TP and PO4
3−-P concentrations given after supplementation with 15 mg/L of TP.

MDL = method detection limit.
2. Materials and methods

Experiments were conducted at the Norwegian University of Life Sci-
ences (UMB), Ås, Norway. Algae biomass, chlorophyll, starch and lipid
production were investigated using wastewater from a recirculating
aquaculture system (RAS). Algal system performance was compared
under axenic and non-axenic conditions for an indigenous consortium
and two pure algae cultures.
2.1. Aquaculture wastewater feed

Approximately 10 L of wastewater was collected from a UMB campus
tilapia RAS, which has a total volume of 4200 L. The flow rate in the
RAS was approximately 150 L/min, with 98–99% recirculation. The RAS
included a drum filter with a 40 micron screen mesh size (Hydrotech
HDF 501) and amoving bed bioreactor (MBBR) containing extruded plas-
ticmedia for nitrification. Themean annual tilapia biomass producedwas
300 kg/year. Tilapia are fed Aller 37/10 FLOAT daily, which has a protein
content of 37%. For the axenic treatments, aquaculture wastewater was
filter sterilized using a 0.2 μm glass fiber filter (AP 1504700). In order to
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Table 2
Heterotroph bacterial population viability under non-axenic conditions (HPCs were
b30 CFU/100 mL for all samples under axenic conditions).

Time (hours) Viability under non-axenic conditions

Indigenous Chlorella Scenedesmus No algae

0 + + + ++
14 ++ ++ ++ ++
25 ++ ++ ++ ++
38 ++ ++ ++ ++
49 – + + ++
72 – – – +

−, HPC b 30 CFU/100 mL; +, HPC N 30 CFU/100 mL; ++, HPC N 103 CFU/100 mL.
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maintainN rather thanP limited conditions (discussed below), 15mg/L of
phosphorous was added to the feed in the form of K2HPO4.

2.2. Algal cultures

Three different algae cultures used in this study were an indige-
nous mixed species consortium [25], Chlorella sp (NIVA CHL-137)
and Scenedesmus quadricauda (NIVA-CHL 7). The indigenous algae
were harvested from the surface of a secondary clarifier at the Howard
F. Curren Advanced Wastewater Treatment Facility in Tampa, Florida.
The consortium was identified and enumerated by the Environmental
Biotechnology Laboratory in the Department of Soil & Water Science
at the University of Florida. The primary genera within the consortium
identified included: Chlorella (95.2%), Chlamydomonas (3.1%), and
Stichococcus (1.1%). Pure cultures of Chlorella and Scenedesmus were
acquired from the Norwegian Institute for Water Research (NIVA) cul-
ture collection. All three algae cultures were initially grown using an
aseptically prepared synthetic medium, a continuous light irradiance
of 153.3 ± 18.8 μmol/m2/s and a temperature of 25 °C (controlled
using awater bath). Themediumconsisted of 1000mgof a balanced ag-
ricultural fertilizer (Superex gronnsak) in tapwater, resulting in the fol-
lowing approximate composition (mg/L): NO3

−-N (90), Ca (30), P (50),
K (310), Mg (20), S (30), Mn (0.90), B (0.30), Zn (0.25), Cu (0.12), Mo
(0.05), and Co (0.01). The algae were grown under aseptic conditions
in a 300mLphotobioreactor (described below) for 4 days. A 10.0mL al-
iquot of the algae stock culture was centrifuged using an Eppendorf
Model # 5810 (Horsholm, Denmark) centrifuge. The supernatant was
decanted and 5.0 mL of phosphate buffered dilution water was added
to the centrifuge tubes to gently resuspend the algae. This process of
washing to remove residual nutrients from the growthmediumwas re-
peated. Phosphate buffered dilution water was prepared by adding the
following to 1.0 L of deionized water (mg/L): KH2PO4 (3500), KHPO4

(4300) and NaCl (8500). The pH of the dilution water was measured
and adjusted to 7.2 ± 0.5 using 1N sodium hydroxide, if needed, and
the water was autoclaved at a pressure and temperature of 103.4 kPa
and 115 °C.
Fig. 2. Biomass (a) over time for indigenous consortium culture, (
2.3. Reactor setup and operation

Photobioreactors consisted of cylindrical glass tubes with tapered
bottoms, with an internal diameter of 4.12 cm, a height of 31.2 cm
and an overall volume of 300 mL. A 280.0 mL aliquot of wastewater, fil-
tered or unfiltered, was added to each photobioreactor. Washed algae
(described above) were added to the respective photobioreactor. Unfil-
tered RASwastewaterwithout added algaewasused as anuninoculated
control. Growth experimentswere performed using three replicates, for
each algal culture (indigenous, Chlorella, and Scenedesmus) and the two
treatment types (axenic and non-axenic) and one non-axenic control.
The experiment had a total of 21 photobioreactors. Algal growth condi-
tions for all treatments included: continuous light irradiance of 153.3 ±
18.8 μmol/m2/s (using daylight fluorescent tubes), a temperature of
25 °C (controlled using a water bath) and a filtered 1% CO2–air mixture
(provided using gas diffusers). Based on visual observations, air bub-
bling was sufficient in maintaining samples well mixed and algal cul-
tures continuously suspended. A continuous lighting regime was used,
as the maximum biomass production during the growth period was
achieved (during preliminary experiments), when an irradiance of
153.3 ± 18.8 μmol/m2/s was used. A 10.0 mL sample was collected
from each photobioreactor every 6–8 h for the duration of the experi-
ment and tests were conducted as described below to determine bio-
mass, end-product productivity, and nutrient and organic compound
removal. Samples were taken under a biological hood using 25mL ster-
ile pipettes.

2.4. Analytical methods

The optical transmissivity of the RAS wastewater was determined at
256 nm. Samples were analyzed in accordance with Standard Methods
[26] for the following parameters: pH (4500H+-B), total nitrogen (TN)
(4500-N), nitrate (NO3

−-N) (4500-NO3 B), Chemical Oxygen Demand
(COD) (5220 D), phosphate (PO4

3−) (4500-KMnO4), heterotrophic plate
counts (HPC) (9215) and total suspended solids (TSS) (2540B).Measured
TSS valueswere used to calculate the time averaged biomass productivity
during the growth phase (P; mg/L/h):

P ¼ Bmax−Bi

Δt

where Bi and Bmax are the initial and maximum biomass concentration
and Δt is the time when maximum productivity was achieved.

The starch content of the algae biomass was measured using a
Megazyme total starch (AA/AMG) kit (catalog # K-TSTA),which follows
Association of Official Agricultural Chemists (AOAC) Method 996.11.
The method was modified to allow for smaller sample volumes. The
final lipid content (%) was determined using the method of Bligh and
Dyer [23] and calculated on an ash free dry weight basis. Total chloro-
phyll was determined using the method described by Franco et al.
b) over time for Chlorella, and (c) over time for Scenedesmus.
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Fig. 3. Microscopic observations (100× magnification) for Scenedesmus under axenic (a) and non-axenic (b) conditions.
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[27]. Total chlorophyllwas calculatedusing Liechtenthaler equations [28].
Elemental analyses of algal biomass and aqueous samples were carried
out using a Perkin Elmer (Waltham, Massachusetts) Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES; Optima 5300 DV) for:
total phosphorous (TP), K, Ca, Na, S, Mg, Fe, Zn, Cu, Mn and Al. Samples
were decomposed by adding HNO3 at 10% (v/v) before oxidation with
peroxydisulfate during autoclaving at 250 °C for 1.5 h. A light microscope
(Leica DM 5000B) equipped with a camera (Leica DFC 425) was used to
periodically monitor algae growth and physiological changes. Different
filters and magnifications (10, 40,100×) were used to obtain the best vi-
sual analysis.

2.5. Statistical analyses

One-way analysis of variancewas used to determinewhether differ-
ences inmeans for different algal cultures were significant. T-tests were
used to determine whether the differences between axenic and non-
axenic conditions within a given algal species were significant. These
tests were done in Microsoft Excel. A p value b 0.05 was considered sta-
tistically significant.

3. Results and discussion

3.1. Aquaculture wastewater as a feed

A summary of the initial aquaculturewastewater feed characteristics
for both axenic and non-axenic treatments is shown in Table 1. The
observed TN values (17.9 and 18.5 mg/L) were slightly lower than
values reported by other authors (between 20 and 40 mg/L) for a RAS
with a denitrification process [29]. The observed TN concentrations
should be able to support an algal biomass concentration of approxi-
mately 285mg/L in a batch reactor, assuming algal biomass has a chem-
ical formula of C106H263O110N16P [30]. In this study, experiments were
conducted under batch conditions to maintain axenic algal treatments;
Table 3
Time averaged biomass productivity, chlorophyll and starch content and final lipid and gross ca
licates (NS = data not shown).

Time-averaged biomass productivity (mg/L/h) Axenic
Non-axenic

Max. chlorophyll (mg/g of biomass) Axenic
Non-axenic

Maximum starch content (%) Axenic
Non-axenic

Final lipid content (%) Axenic
Non-axenic

Calorific content (MJ/kg) Axenic
Non-axenic
however, higher biomass densities are possible if cultures are grown
using the proposed process (Fig. 1), where nitrified effluent from the
MBBR and recovered nutrients from anaerobic digestion are continu-
ously circulated through the photobioreactor, which replaces the deni-
trification process. Most (N97%) of the initial TN was in the form of
NO3

− (Table 1). Although algae utilize ammonia in preference to NO3
−

as a growth substrate [31], high ammonia concentrations (N34 mg/L),
such as those found in many municipal and agricultural waste streams
are a toxicity concern, as free (unionized) ammonia dissipates trans-
membrane proton gradients in algae [32–35]. Therefore utilizing RAS
wastewater with NO3

− concentrations such as those observed in this
study is favorable as a feed.

The observed TP concentrations (2.0 and 2.5 mg/L prior to supple-
mentation) were lower than typical values seen in RAS, which have
been shown to range between 6.2 and 37 mg/L [36]. The observed N/P
ratio of approximately 9 was within the range (7 to 10 gN/gP) that
has been shown to be optimal for algal growth [37]. Additional P was
provided (15 mg/L added), however, to ensure that the algal system
in this study was N rather than P limited to favor lipid accumulation
[14,38–41].

Light transmissivity at 256 nmwas 99.0% and 97.8%, for filtered and
unfiltered samples, respectively (Table 1), suggesting that the presence
of particles in the unfiltered wastewater would not hinder light trans-
mission to an algae culturing system. This is a very high light transmis-
sivity, when compared to some other waste streams, such as municipal
sludge centrate, which has a low light transmittance (ranging from 0.1%
to 21%) with no pretreatment [42]. Using aquaculture wastewater as a
growth medium is therefore less challenging when considering this
characteristic.

pH values were similar under both axenic and non-axenic condi-
tions. This was probably attributed to the RAS system being well buff-
ered. A pH between 6.5 and 7.5 is considered optimal for most green
algae species [12]. The mean COD concentration was slightly higher
under non-axenic conditions, most likely due to the presence of
lorific content. Mean and standard deviation values are based onmeasurements from trip-

Indigenous Chlorella Scenedesmus

5.39 ± 1.35 4.89 ± 0.02 4.85 ± 0.34
8.12 ± 1.34 5.18 ± 0.18 10.44 ± 0.14
6.20 ± 0.03 7.12 ± 0.03 7.57 ± 0.40
4.10 ± 0.07 4.59 ± 0.05 10.85 ± 0.19
9.30 ± 7.50 16.8 ± 2.80 7.50 ± 5.10
9.10 ± 3.60 10.7 ± 3.60 6.85 ± 4.70
5.70 ± 2.40 12.5 ± 5.6 NS
23.4 ± 3.40 50.4 ± 7.6 NS
20.2 ± 0.60 22.0 ± 1.0 24.3 ± 0.70
22.1 ± 0.60 23.6 ± 0.4 26.5 ± 4.60
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Fig. 4. Total chlorophyll content over a 72 hour period for Scenedesmus under axenic and
non-axenic conditions.

156 T. Halfhide et al. / Algal Research 6 (2014) 152–159
particulate COD. COD in aquaculture wastewater is attributed to the
undigested feed and fish fecal inputs [43]. The presence of COD in
the wastewater can provide a source of organic carbon and result
in increased growth in mixotrophic algae such as Chlorella [44,45].
As expected, HPCs were below detection limits in the filter steril-
ized feed.

Concentrations of elements (K, Ca, Na, S, Mg, Fe, Zn, Cu, Mn, Al) de-
termined by ICP-OES are also shown in Table 1. Most of concentrations
were within the range observed by Martins et al. [46] for RAS waste-
waters. Cu concentrations were within the optimal growth range for
Scenedesmus; however, Zn concentrations were much higher than the
optimal range reported in Knauer et al. [47]. Sulfur concentrations were
at optimal levels for the growth of Chlorella vulgaris based on the Liang
et al. [48] and also should not present concerns based on American Soci-
ety for Testing and Materials biodiesel standards [49].
3.2. Biomass production and intercellular products

The range of heterotrophic counts during different experimental
phases is shown in Table 2. As expected, HPCs were below detection
limits throughout the experiment for the axenic treatments (data not
shown). Under non-axenic conditions, the HPCs increased to more than
103 CFU/100 mL within 14 to 38 h in treatments containing algae. After
38 h, HPCs declined in all algae treatments, andwere below the detection
limit (30 CFU/100 mL) in the indigenous algal culture. Although the con-
trol photobioreactor that was not inoculatedwith algaemaintained HPCs
above 30 CFU/100 mL throughout the experiment, there were higher
counts within the first 49 h, after which the counts declined.

Growth curves for all cultures under both axenic and non-axenic
conditions are shown in Fig. 2. A maximum mean biomass concentra-
tion of 414 mg/L was achieved for Scenedesmus after 36 h, with no sig-
nificant differences between the two treatments. This exceeds the
Fig. 5. Starch content and NO3
−-N concentrations over time for S
amount predicted by the TN concentrations (Section 3.1), possibly due
to initial inoculum addition or the algae having a different elemental
composition than suggested by the general formula. Similar growth
curves were obtained for the indigenous consortium and Chlorella (data
not shown). Microscopic photographs of Scenedesmus (Fig. 3) show
dispersed cell growth under axenic conditions and the presence of well-
defined aggregates under non-axenic conditions. The presence of indige-
nous aquaculture microorganisms may have increased Scenedesmus
autoflocculation by facilitating extracellular polymeric substance (EPS)
production. Although no EPS measurements were made in this study,
Guo et al. and Manheim [50,51] noted the influence of EPS on algae floc-
culation. Cell aggregates were not observed with the other cultures.

Time averaged biomass productivity ranged from 4.85 to
10.44 mg/L/h, with no significant differences in time-averaged biomass
productivity between axenic and non-axenic conditions within a single
culture, as shown in Table 3. Scenedesmushad the lowest time-averaged
biomass productivity under axenic conditions, while the Scenedesmus
under non-axenic conditions produced the highest time-averaged bio-
mass productivity (10.44 mg/L/h). This high biomass valuemay be attrib-
uted to algae flocculation, as previously mentioned. The indigenous algal
consortium had a moderate productivity, 5.39 and 8.12 mg/L/h, under
axenic and non-axenic conditions respectively. Rodolfi et al. obtained
similar productivities for both Scenedesmus and Chlorella cultures of
7.9 mg/L/h and 7.1 mg/L/h, respectively [52], most likely due to similar
temperature (25 °C) and continuous illumination (100 μmol/m2/s). An ir-
radiance regime of 130 μmol/m2/s (moderate light intensity) should not
have presented additional stress to the algae. In addition, literature sug-
gests that having longer photoperiods of light and dark of 16/8 and 24/0
would result in increased productivity [65,66]. Having a full-scale system
with artificial lighting may not be feasible.

In this study no negative effectswere observedwhen operating algal
systems under non-axenic conditions using aquaculture wastewater,
possibly due to the short experimental duration and the small scale at
which experiments were conducted. Theegala et al. [53] noted that out-
door cultures usually last for only short periods of time and continuous
systems rarely exceeded a few weeks. Mitchell and Richmond [54]
showed that the rotifers depletedMonoraphidiumminutumpopulations,
but only became a problem after four days. Smith and Crews [55] noted
that algal species richness increased with water surface area, especially
where algal systems were grown under natural, open conditions. Algal
ponds were susceptible to contamination and the number of invading
species was positively correlated with the physical size of the cultiva-
tion system.

The peak in chlorophyll coincided with the log growth period and
did not coincide with the highest biomass concentration (Fig. 4). The
cultures grew quickly and were N limited after 24 h and quickly ma-
tured and formed starch as an intermediate intracellular product. Due
to equipment limitations, a 24 hour photoperiod was used, however it
is recognized that this would not be practical in a full scale system. No
cenedesmus under axenic (a) and non-axenic (b) conditions.
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Table 4
Summary of nitrate removal efficiency (%) for the different treatments.

Indigenous Chlorella Scenedesmus No algae

NO3
−-N removal
efficiency (%)

Axenic 99.4 ± 0.8 98.1 ± 0.3 98.7 ± 0.5 NA
Non-axenic 96.4 ± 0.1 96.3 ± 0.3 99.0 ± 2.0 17.6 ± 0.8
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significant differences were observed in chlorophyll contents (mg/g)
between axenic and non-axenic conditions within a single culture.
Scenedesmus produced a slightly higher total chlorophyll content under
non-axenic than axenic conditions, as shown in Fig. 4. For the indigenous
and Chlorella cultures, themaximum total chlorophyll contentwas slight-
ly higher under axenic conditions. The chlorophyll content (mg/g) for all
algal cultureswas between 12 and 48 mg/g, as shown in Table 3. In treat-
ments without any inoculated algae, chlorophyll contents ranged from
0.1 to 2.6 mg/g, indicating that some indigenous algae may have been
present in the aquaculture wastewater.

Comparisons of starch content values for all three algal cultures and
lipid content for Chlorella and indigenous cultures under axenic and
non-axenic conditions are shown in Table 3. Lipid content results for
Scenedesmus are not reported because they were inconsistent with pre-
viously published literature, possibly due to interferences with the
method used due to the presence of chlorophyll or other pigments
[64]. Chlorella produced the highest overall starch content compared
with the other two cultures under both axenic (16.8%) and non-axenic
(10.7%) conditions. Final lipid contents for indigenous and Chlorella cul-
tures were consistent with published literature and significantly higher
under non-axenic conditions.

NO3
−-N and starch concentrations over time are shown in Fig. 5.

NO3
−-N concentrations were reduced to less than 10 mg/L within the

first 24 h. N limited (b10 mg/L) and N starvation (b1 mg/L) conditions
have been shown to result in higher lipid contents as final storage prod-
ucts [14,38–41], with most of the total lipids as TAG (triacylglycerides)
produced under N deprived conditions [56]. The results obtained in
this study for Chlorella and indigenous cultures were generally consis-
tent with other studies. Inmany cases, starch is formed as an intermedi-
ate storage compound [57], and hence the timing of harvesting is
important if the process is to be optimized for lipid production. Wang
et al. [58] showed that the lipid bodies in a wild type Chlamydomonas
reinhardtii increased 15 fold after a 48 hour period of N starvation. In
this study, starch analyses were performed for each sampling point
and used to determine the timing of starch storage depletion and the
beginning of lipid accumulation [9,56]. Due to sample size require-
ments, only final lipid content was measured. For Scenedesmus under
axenic conditions, the peak starch content (7.5%) was observed at 25
h (Fig. 5a). Under non-axenic conditions; however, the maximum
starch content (14.1%) was observed at time zero and steadily de-
creased over 38 h, after which it remained constant (Fig. 5b). The initial
high starch content for Scenedesmus under non-axenic conditions can
Fig. 6. a) COD removal for Scenedesmus under axenic and non-axenic conditions. b) COD remo
wastewater with no inoculated algae.
be attributed to the presence of microorganisms and EPS production.
When Scenedesmus started to grow exponentially between 25 and
38 h, most of the carbon was probably used for growth and not for
EPS storage [59].

Gross calorific values varied from 20.2 to 26.5 MJ/kg, as shown in
Table 3. The indigenous algal consortium had the lowest calorific
value (20.2 MJ/kg), whereas Scenedesmus under non-axenic conditions
had the highest calorific value (26.5 MJ/kg). Although the calorific
valueswere slightly higher for all cultures under non-axenic conditions,
these differences were not significant. A strong correlation between
algal lipid content and calorific value has been observed in prior studies
[38]. Lipids largely comprise long-chain TAGs, which have an energy
value of 2.25 times greater than starch on a weight basis [56]. The pres-
ence of other microorganisms may have increased algal physiological
stress, under already nutrient limited and starvation conditions, and
resulted in a shift in algal storage compounds from starch to lipids be-
tween 25 and 48 h.Most researchers focus on lipid and TAG production,
as more valuable biofuel derivatives can be produced from this fraction
[60].

Timing of harvesting algae should correspond with the maximum
production of the targeted end-product. If pigments are the desired
end product, harvest time should correspondwith the peak chlorophyll
content. Some processes, such as pyrolysis, are optimized using algae
with higher carbohydrate or starch contents, whichwere observed dur-
ing the middle of the growth period. Since the primary activity of most
algal cells is photosynthesis, there was little accumulation of starch and
lipids in the young cells [61], indicating that harvesting should be de-
layed if lipids are the desired end product.

3.3. Nitrogen and organic matter removal

Since 97% of the initial TN was in the form of NO3
− (Table 1), only

NO3
− was measured during the algal growth experiments. For all treat-

ments with algae, NO3
− concentrations were reduced to less than

10mg/Lwithin the first 14 h (Ndepletion) and to less than 1mg/Lwith-
in 24 h (N starvation). Overall NO3

− removal efficiencies ranged from
96.4 to 99.4% for all systems inoculated with algae, as shown in
Table 4, with no significant differences between algal cultures or treat-
ments. The removal efficiency for the treatment thatwas not inoculated
with algae had a NO3

− removal efficiency of only 17.6%, indicating that
the presence of algae was needed for N removal in aquaculture waste-
water under these conditions.

The removal of COD over time for Scenedesmus under both axenic
and non-axenic conditions is shown in Fig. 6a. The overall COD removal
efficiencies are shown in Fig. 6b. Under axenic conditions, approximate-
ly 25% COD removalwas observed in algal treatments,most likely due to
the mixotrophic growth of algae. Prior studies have shown that lipid
production is increased for green algae under mixotrophic and hetero-
trophic conditions [49,62,63]; however, due to the use of real RAS
val efficiency for all algal cultures under axenic and non-axenic conditions as well as RAS

image of Fig.�6
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wastewater no comparisons could be made on lipid production with or
without COD in this study. COD removal (74.4 to 99.7%)was significant-
ly higher under non-axenic conditions for all cultures (Fig. 6b), indicat-
ing that the microorganisms present in the aquaculture wastewater
were needed to achieve high COD removal efficiencies required for
wastewater treatment.

4. Conclusions

Algae and fish co-cultivation has the potential to improve water
quality and fish health, while producing a feedstock for onsite energy
production and/or feed supplementation. However, maintaining large-
scale algal cultivation systems under axenic conditions is impractical.
Results from this study showed that biomass and lipid productivity
are improved under non-axenic conditions. Final lipid content was sig-
nificantly higher for Chlorella and indigenous cultures under non-axenic
conditions, due to competition for N by indigenous microorganisms. In
addition, the presence of both indigenous RAS microorganisms and
algae produced a treated wastewater effluent with low N and COD
concentrations. Algaeweremainly responsible for N removal, whilemi-
croorganisms were mainly responsible for COD removal. Negative con-
sequences of contamination of algal cultures with RAS microorganisms
were not observed. This was probably due to the short growth period
(72 h) in the batch system and small scale of the system.
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