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A B S T R A C T   

The demand for protein is increasing with an expanding world population and is influencing the 
rapid growth of fish and animal agriculture. These sectors are becoming a significant source of 
water pollution and need to develop environmentally sustainable techniques that are cost- 
effective, ideally with potential for downstream value-added production. This study investi-
gated the potential of one of the fastest-growing cyanobacterial species, Synechococcus elongatus 
UTEX 2973, for bioremediation of mixed wastewater (combination of sturgeon and swine 
wastewater). Three different mixing ratios (25:75, 50:50, and 75:25 sturgeon:swine) were 
compared to find a suitable combination for the growth of S. elongatus as well as carbohydrate 
accumulation in biomass. The final biomass production was found to be 0.65 ± 0.03 g Dry cell 
Weight (DW)/L for 75%–25 %, 0.90 ± 0.004 g DW/L for 50%–50 %, and 0.71 ± 0.04 g DW/L for 
25%–75 % sturgeon-swine wastewater combination. Cyanobacteria cultivated in 50%–50 % 
sturgeon-swine wastewater also accumulated 70 % total carbohydrate of DW, whereas 75%–25 % 
sturgeon-swine and 25%–75 % sturgeon-swine accumulated 53 % and 45 %, respectively. Sub-
sequently, the S. elongatus cells were grown in a separate batch of 50%–50 % sturgeon-swine 
wastewater and compared with cells grown in BG11 synthetic growth media. Cultivation in 
BG11 resulted in higher biomass production but lower carbohydrate accumulation than 50%–50 
% mixed wastewater. Final biomass production was 0.85 ± 0.08 g DW/L for BG11 and 0.65 ±
0.04 g DW/L for 50%–50 % sturgeon-swine wastewater. Total carbohydrate accumulated was 75 
% and 64 % of DW for 50%–50 % sturgeon-swine mixed wastewater and BG11 growth media, 
respectively, where glycogen was the main carbohydrate component (90 %). The nutrient 
removal efficiencies of S. elongatus were 67.15 % for orthophosphate, 93.39 % for nitrate-nitrite, 
and 97.98 % for ammonia. This study suggested that S. elongatus is a promising candidate for 
enabling simultaneous bioremediation of mixed wastewater and the production of value-added 
biochemicals.   

1. Introduction 

Producing enough food to feed the global population is one of humanity’s most substantial challenges in the upcoming decades. 
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Rapid growth has led experts to estimate that by 2050, global food production must be doubled to meet consumption needs [1]. 
Production from traditional agriculture, such as swine and other livestock, will need to increase due to changes in meat-rich diets. Pork 
comprised about 34.46 % of the total meat consumed worldwide in 2021 (122.5 million tonnes, mmt) [2]. According to United States 
Department of Agriculture (USDA), pig consumption is projected to increase 17.3 % between 2021 and 2030 [3]. The increase in 
production will increase wastewater generation, which has a negative effect on the environment as it contains fecal matter, pig urine, 
and floor-washing water [4]. Earth-walled lagoons are the most widely used treatment and storage of wastewater from swine farms. 
Bacterial consortia degrade organic wastes in the lagoons into fertilizer and biogas [5]. However, lagoon wastewater contains high 
concentrations of inorganic nutrients such as ammonia and phosphate, which can cause water contamination due to soil permeability 
or runoff during storms. 

Aquaculture is also a growing agricultural field, which will play a vital role in meeting the increasing seafood demand worldwide. It 
is the fastest-growing agricultural sector and has great potential to produce protein-rich food on a large scale [6]. In particular, finfish 
such as sturgeon are widely cultivated around the world, and managing nutrients in this and similar effluents is critical to ensure 
sustainability. With the increase in production required to support this rapidly growing protein sector [6], aquaculture is inclining 
towards the intensive practice known as recirculating aquaculture systems (RAS). As this intensive practice is developed and imple-
mented, an inevitable increase in wastewater also potentially harms the environment [7,8]. The wastewater contains inorganic nu-
trients, suspended solids, and dissolved organic matter that are predominantly sourced from fish excreta and uneaten fish feed [9,10]. 
RAS are used by farmers across Europe, the United States, and China [11–13]. These systems use biofiltration to remove ammonia from 
wastewater effectively [11,14]. Biofiltration uses nitrifying bacteria on plastic media for nitrogen removal in RAS to reduce the 
inorganic nitrogen to molecular nitrogen (N2) [13]. While this method can obtain a satisfactory reduction of nutrients, the filtration 
process still results in some wastewater discharge along with intensive electric costs, plastic waste, and leaching of microplastics into 
the environment [13,15]. 

Hence, one of the major concerns regarding wastewater generated from the above-mentioned agricultural sectors is the harmful 
inorganic nutrients such as ammonia, nitrate, and phosphate. The ammonia concentration in swine wastewater is generally higher 
than in aquaculture wastewater [16,17], whereas the nitrate concentration is higher in aquaculture wastewater [18]. Moreover, the 
concentrations of these different nutrients may vary with respect to time, animal numbers, feed quality, and waste treatment facility. 
The existing techniques for wastewater mitigation are effective, but as these sectors grow, environmental concerns continue to in-
crease. The need for effective and sustainable wastewater treatments is of great importance for these systems to ensure the safe disposal 
of wastewater into the environment. Improper disposal of these wastewaters can cause groundwater contamination, odor problems, 
health hazards including the release of harmful pathogens and hormones, and eutrophication resulting in harmful algal blooms and 
‘dead zones’ in aquatic ecosystems [5,19–22]. Though this untreated wastewater is detrimental to the environment, it can be viewed as 
a resource if the nutrients are appropriately utilized [23]. Therefore, mitigating these wastes and producing value-added commodities 
in the same process is desirable. Hence, new technologies to treat these different wastewaters effectively and sustainably are being 
investigated [24–26]. 

Photosynthetic microorganisms such as algae and cyanobacteria (also known as blue-green algae) have been increasingly used in 
recent decades to treat different types of wastewaters such as aquaculture [27–31], swine [32], and sewage wastewater [33,34] to 
reduce inorganic nutrients, total dissolved solids, biological oxygen demand, and other harmful material. They can effectively uptake 
atmospheric carbon dioxide and nutrients from wastewater and convert them to cellular storage materials such as carbohydrates, 
lipids, and proteins in their biomass. The use of photosynthetic microorganisms in wastewater treatment has the combined advantage 
of bioremediation of wastewater and the production of valuable biomass enriched in carbohydrates and protein. As an added benefit, 
this biomass can provide economic benefits in downstream biotechnological applications, such as biofuel (biodiesel, bioethanol, 
bio-oil) and bioplastic production [31,35,36]. Cyanobacteria and microalgae also have unique secondary metabolisms that can be 
utilized in production of biological hydrogen, bioactive compounds, fertilizer, emulsifiers, and food [31,35,37,38]. Moreover, 
replacing the expensive growth media with wastewater can reduce biomass production costs for synthesizing these value-added 
compounds [39,40]. 

The focus of this study was to convert waste into a valuable resource. In this study, the fast-growing cyanobacterial species Syn-
echococcus elongatus UTEX 2973 [41] was used for the bioremediation of wastewater. This species has previously been studied for 
enhanced sugar production [42] and salt tolerance [43]. The growth of this cyanobacterial species in wastewater sources has not yet 
been tested. Rueda et al. [44] studied cyanobacterial bioremediation of agricultural runoff and reported significant removal of nu-
trients along with carbohydrate accumulation. Agricultural runoff could vary widely depending on landscape, source, and region [45] 
whereas this study examined mixing very specific agricultural waste sources (sturgeon and swine wastewater). Sturgeon was selected 
as a representative and widely cultivated finfish and used as a proxy for aquaculture effluent more generally. The present study 
investigated three different sturgeon and swine wastewater mixtures as the growth media to find a balanced combination to support 
growth. Carbohydrate accumulation was also examined as a potential feedstock for valorization and compared with synthetic growth 
medium BG11. Subsequently, the nutrient removal efficiency of this species from mixed wastewater was also evaluated. 

2. Methodology 

2.1. Cyanobacterial cultivation 

The cyanobacterial species S. elongatus UTEX 2973 was obtained from the Culture Collection of Algae at the University of Texas, 
Austin (UTEX) and was maintained in BG11 growth media at 30 ◦C (as the lowest feasible cultivation temperature for this strain) and 
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irradiance of 65 μE. BG11 medium consists of the following components: NaNO3 (1.5 g), CaCl2.2H2O (0.036 g), MgSO4.7H2O (0.075 g), 
K2HPO4 (0.04 g), citric acid (0.006 g), ferric ammonium citrate (0.006 g), EDTA (0.001 g), Na2CO3 (0.02 g), and trace metal mix A5 (1 
mL) per 1 L deionized water. Trace metal mix contains H3BO3 (2.86 g), MnCl2.4H2O (1.81 g), ZnSO4.7H2O (0.222 g), NaMoO4.2H2O 
(0.39 g), CuSO4.5H2O (0.079 g), and Co(NO3)2.6H2O (49.4 mg) per 1 L deionized water [46]. The inoculum used for experiments was 
prepared using BG11 growth media. 

2.2. Wastewater collection and preparation 

Aquaculture wastewater was collected from the North Carolina Marine Aquaculture Research Center (MARC) situated in Smyrna, 
North Carolina. This facility cultures red drum, white drum, hybrid striped bass, and sturgeon. Wastewater from this facility goes 
through a treatment process consisting of a mechanical filter followed by a biofilter. Wastewater was collected during the summer of 
2021 through backwashing from the sturgeon tank. 

Swine wastewater was collected from the primary lagoon of the swine education unit of the Lake Wheeler Road Field Laboratory at 
North Carolina State University. The wastewater from the barns flows directly into the primary lagoon. 

Pretreatment of wastewater was carried out by sedimentation and centrifugation to separate large, non-soluble particulate solids. 
The supernatant from the centrifuge was then sterilely filtered using a two-step filtering process, first with 0.45 μm and then 0.2 μm, to 
remove microorganisms. 

2.3. Experimental design 

The study was comprised of two steps (Fig. 1), where the first step was to select a suitable ratio of a mixture of sturgeon wastewater 
and swine wastewater to support the growth and carbohydrate accumulation of S. elongatus. In the first set of experiments, S. elongatus 
UTEX 2973 was cultivated in three different ratios (25%–75 %, 50%–50 %, and 75%–25 %) of mixed wastewater containing sturgeon 
and swine wastewater. Preliminary experiments found that 100 % sturgeon wastewater was insufficient to support growth, necessi-
tating supplementation with an alternative nutrient source. The different wastewater ratios were used as the growth medium for 
S. elongatus cultivation and were cultured for 13 days at a temperature of 30 ◦C and irradiance of 65 μE on a shaker at 150 rpm inside an 
AlgaeTron 230 photo incubator (Photon Systems Instruments) under atmospheric CO2. 100 mL of wastewater and 2 mL of seed culture 
were introduced to a 250 mL Erlenmeyer flask. The seed inoculum was prepared in BG11 media using the culture conditions described 
in section 2.1 and used on day 10 at an optical density of 1.18. A lower ratio of seed: wastewater was used to obtain a high-resolution, 
detailed growth curve over 13 days. All experiments were performed in triplicate using the same S. elongatus inoculum source. 

Secondly, growth and carbohydrate accumulation in S. elongatus biomass in the selected optimal mixed wastewater growth media 
was compared with a synthetic growth media BG11. The swine wastewater used in this experiment was collected from different points 

Fig. 1. Experimental design to examine biomass production and carbohydrate accumulation of S. elongatus firstly, comparing three different 
combinations of swine and aquaculture wastewater, and secondly, comparing the selected optimal wastewater combination from the first step 
with BG11. 
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of the same lagoon with approximately one month interval between sampling during summer 2021. The potential of S. elongatus for 
nutrient removal from wastewater was also studied in this step (Fig. 1). The biomass was grown for 14 days. The experiments were 
performed in quadruplicate with culture conditions such as temperature, irradiance, and shaking speed remaining the same as the first 
experiment. 

2.4. Analytical methods 

2.4.1. Biomass growth and harvest 
Growth curves were obtained by measuring the optical density of biomass at 730 nm (Genesys 10S UV–Vis). A biomass dry weight 

and optical density correlation was constructed by preparing a series of dilutions of S. elongatus cells and then measuring the corre-
sponding optical densities and dry cell weight [47]. The correlation curve was used to determine the dry weight of biomass for car-
bohydrate analysis (data available). The average growth rate was determined from the slope of the linear trendline of the semi-log 
growth curve, and the maximum growth rate was determined using the first three to four days of the early exponential phase showing 
the most rapid growth. The biomass was harvested using a centrifuge (Eppendorf 5920R outfitted with Rotor S-4x1000) at 4 ◦C at 4000 
rpm for 30 min and dried in a drying oven at 80 ◦C for 24 h for further analysis. 

2.4.2. Bioremediation 
Analysis of nutrients in the wastewater was measured before and after a 14 day culture period. The filtered wastewater was 

analyzed colorimetrically for ammonia nitrogen (NH4
+-N), orthophosphate (PO4

3--P), and nitrate-nitrite (NOx
− -N) with an AQ 400 

Discrete Analyzer (EPA-114-C Rev. 1A, EPA-129-C Rev. 1, and EPA-146-A Rev. 0). 
An uninoculated wastewater control was used to investigate the abiotic removal or conversion of nutrients present in the waste-

water in the same culture conditions alongside inoculated cultures. It has been reported in previous studies that at a culture condition 
of nearly neutral pH, the chemical processes of volatilization of ammonia and precipitation of phosphates are typically insignificant 
[48,49]. However, the pH of the wastewater was 8.93 in the beginning and 9.4 after the 14 day culture period, which was high enough 
that ammonia volatilization and phosphate precipitation could contribute to the decrease in ammonia and phosphate concentrations. 
Thus, the nutrient removal by abiotic processes was determined using equation (1) below: 

Nutrient removal (abiotic)%=
Nutrient concentration (initial − available)in ww

Nutrient concentration initial in the ww
X100% (1)  

where initial indicates the concentration of ammonia, nitrate, or phosphate at day 0, and available represents the concentrations 
present in the control wastewater at day 14. This calculation accounts for the significant removal of nutrients that could take place due 
to abiotic processes. These available concentrations were used to determine the biological nutrient removal rates according to equation 
(2) below: 

Nutrient removal (cyanobacterial)%=
Nutrient concentration (available − remaining)in ww

Nutrient concentration available in the ww
X100% (2)  

here the available nutrients are the nutrients that were present in the uninoculated control after day 14, and the remaining nutrients 
were the nutrients present in the culture solution after day 14. 

2.4.3. Carbohydrate analysis 
The carbohydrate content in S. elongatus was measured using the anthrone method [47,50]. Carbohydrates were dehydrated with 

concentrated H2SO4 to form furfural (a colorless organic compound) and condensed with anthrone reagent (an aromatic ketone) to 
form a green color complex that was measured colorimetrically at 620 nm. The concentration of carbohydrates was determined from a 
standard curve with known concentrations of glucose. 

2.4.4. Statistical analysis 
An ANOVA test was used to determine the differences in biomass generation and carbohydrate accumulation among the three 

different wastewater mixtures tested. Based on the results of the ANOVA test, TukeyHSD tests were used to identify significantly 
different treatments at 95 % confidence interval (alpha = 0.05). The second set of experiments consisted of one treatment group 
(selected mixed wastewater) and one control group (BG11). T-tests were used to compare differences in biomass generation and 
carbohydrate accumulation. 

3. Results and discussion 

3.1. Characterization of sturgeon and swine wastewaters 

In a recirculating aquaculture system, the nutrient concentration depends on several factors such as the species type, the fish 
density, and the type of fish feed. The sturgeon wastewater used in this study was characterized for ammonia, nitrate, and phosphate, 
which are crucial for the propagation of S. elongatus 2973. The nitrate-N + nitrite-N, ammonia-N, and orthophosphate-P concentrations 
were observed to be 20.905 ± 1.34 mg N/L, 10.074 ± 0.66 mg N/L, and 4.465 ± 2.07 mg P/L, respectively. However, initial testing 
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found that the sturgeon wastewater was not adequate for S. elongatus growth beyond four days, likely due to nitrogen depletion (data 
available). A previous study has supplemented aquaculture wastewater with additional nitrate to maintain the growth of the 
microalgal species Chlorella sorokiniana [18]. Rather than directly adding nitrate in the form of a chemical salt, swine wastewater was 
used in this study to provide a supplemental nitrogen source. Swine wastewater was also characterized in a similar manner (Table 1). 
The concentration of ammonia and orthophosphate was substantially higher in swine wastewater than in sturgeon wastewater while 
nitrate-nitrite concentration was lower. No considerable difference was found in pH. 

3.2. Comparison of different compositions of wastewater as growth media 

3.2.1. Analysis of S. elongatus UTEX 2973 growth in different mixed wastewater concentrations 
S. elongatus UTEX 2973 is one of the fastest growing unicellular cyanobacterial species that has been reported [41,51] and has green 

pigment, mostly chlorophyll a [52]. Absorbance at 730 nm was used as a proxy for cell growth (turbidity). As previously stated in 
experimental design, this species was grown in three different combinations of sturgeon and swine wastewater for 13 days. These 
combinations of wastewater were characterized for ammonia nitrogen and nitrate-nitrite (Table 2). 

The 25%–75 % sturgeon-swine wastewater had high ammonia and low nitrate whereas 75%–25 % sturgeon-swine wastewater had 
low ammonia and high nitrate. As expected, 50%–50 % sturgeon-swine wastewater contained moderate concentrations of both 
ammonia and nitrate. Cell growth in these three wastewater mixes is shown in Fig. 2. In all three wastewater conditions, the lag phase 
was shorter than 24 h. Hence, the exponential growth phase started almost immediately and lasted three to four days. The growth rates 
were reported as mean ± standard deviation, and maximum growth rates were found to be 0.468 ± 0.018 day− 1 for 75%–25 % 
sturgeon-swine during the first four days, 0.540 ± 0.013 day− 1 for 50%–50 % sturgeon-swine during the first three days, and 0.418 ±
0.019 day− 1 for 75%–25 % sturgeon-swine during the first four days. Growth continued more gradually until day 11 with a sudden 
spike in growth from day 10–11. Cells may have taken up some alternate nutrients in the wastewater after the decrease in ammonium, 
nitrate, and/or phosphate, or they may have been utilizing intracellular metabolites for growth [53]. Once these nutrients and/or 
metabolites were depleted, cell growth stabilized in stationary phase and began to decrease. 

The average growth rate (from day 1–11) was observed to be 0.177 ± 0.003 day− 1 when S. elongatus 2973 was grown in 75%–25 % 
sturgeon-swine wastewater. Relatively lower average growth rates were found for 50%–50 % sturgeon-swine and 25%–75 % sturgeon- 
swine (0.173 ± 0.002 day− 1 and 0.154 ± 0.002 day− 1, respectively). Biomass growth rates in 25%–75 % sturgeon-swine was 
significantly higher than the other two treatment processes (p < 0.05). However, the total biomass accumulation was higher for 50%– 
50 % sturgeon-swine wastewater than 75%–25 % sturgeon-swine wastewater at the end of the experiment. Some inconsistency in 
shaking, CO2 supply, and irradiance occurred during the first four days of this experiment due to power outages. These outages 
altogether were roughly 6 h during the 13-day experiment (~2 % of the total experimental time period) and were not expected to 
substantially impact the results. 

The concentration of NH4
+-N in 75%–25 % sturgeon-swine wastewater was lower and nitrate-N was higher than in the other two 

treatment processes. Higher ammonia concentration appeared to negatively correlate with growth, as observed in the 25%–75 % 
sturgeon-swine wastewater. ANOVA analysis was carried out to compare the biomass accumulation among the treatment groups at the 
end of the experiment. It was found that different wastewater concentrations had a significant impact (p < 0.05) on biomass 
accumulation. 

For further comparison, the TukeyHSD test was used, and it was observed that there was no significant difference in end of 
experiment biomass accumulation between 25% and 75 % sturgeon-swine and 75%–25 % sturgeon-swine wastewater (p > 0.05). 
However, 50%–50 % sturgeon-swine wastewater accumulated significantly higher biomass (p < 0.05). The concentrations of both 
nitrogen sources were adequate in 50%–50 % sturgeon-swine wastewater and offered the highest biomass accumulation among these 
three treatment groups. Thus, 50%–50 % sturgeon-swine was identified as the most suitable growth media for S. elongatus UTEX 2973 
among the three mixed wastewater growth media. 

3.2.2. Analysis of total carbohydrate storage in different mixed wastewater concentrations 
Total carbohydrate content was measured from the harvested biomass to further investigate its potential for sugar production. Song 

et al. [42] and Lin et al. [54] studied S. elongatus UTEX 2973 as a potential for sugar feedstock production when grown in BG11 
synthetic growth media. Synechococcus has been shown to accumulate carbohydrates as a response to stress such as nitrogen limiting 
conditions [55]. Therefore, it is essential to investigate the total carbohydrate accumulation in biomass when grown in wastewaters 
with different nitrogen sources and concentrations. The total carbohydrate content of S. elongatus UTEX 2973 varied significantly 
among the treatment groups (Fig. 3). Carbohydrate was significantly higher (approximately 70 % of the dry cell weight) when 50%–50 

Table 1 
Characterization of sturgeon wastewater and swine wastewater.  

Growth Media Ammonia-N (NH4
+-N) mg N/ 

L 
Nitrate-N + Nitrite-N (NO2

− –N/NO3
− –N) mg 

N/L 
Orthophosphate-P (PO4

3--P) mg P/ 
L 

pH 

Sturgeon wastewater (Mean ±
SDa) 

10.07 ± 0.66 20.90 ± 1.34 4.46 ± 2.07 8.99 

Swine wastewater (Mean ± SDa) 126.48 ± 2.66 0.49 ± 0.10 16.08 ± 0.82 8.77  

a SD = Standard deviation. 
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% sturgeon-swine wastewater was used as the growth media (p < 0.05) compared to the other two treatment groups, which were 45 % 
and 53 % (p > 0.05). 

Usually, there is a tradeoff between carbohydrate accumulation and biomass growth. Nitrogen stress can stimulate accumulation of 
more carbohydrates [42]. However, nitrogen is also a macro-nutrient to support biomass growth. As previously discussed, the con-
centration of both the nitrogen sources in the wastewater fell in the middle for 50%–50 % sturgeon-swine. This combination supported 
the growth of the species in the beginning, and after day 11 a decrease in cell growth was observed which indicated the cells were 

Table 2 
Concentrations of Ammonia nitrogen (NH4

+-N) and Nitrate-nitrite (NO2
− –N/NO3

− -N) in different wastewater ratios (phosphate 
measurements were not obtained for these samples).  

Wastewater ratios as growth media NH4
+-N (mg N/L) NO2

− –N/NO3
− –N (mg N/L) 

25%–75 % Sturgeon-swine wastewater 95.38 5.25 
50%–50 % Sturgeon-swine wastewater 67.43 10.47 
75%–25 % Sturgeon-swine wastewater 39.29 15.51  

Fig. 2. S. elongatus UTEX 2973 biomass accumulation on a dry weight basis over the growth period in three different mixed wastewater growth 
media in triplicates with standard deviation. 

Fig. 3. Comparison of percentage of total carbohydrate accumulation in S. elongatus UTEX 2973 biomass on a dry weight basis after 13 days of 
culturing in three different mixed wastewater treatment groups in triplicate (ns denotes p > 0.05, ***p < 0.001, and ****p < 0.0001). 
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stressed and stored higher carbohydrates at the end (nutrient depletion has been shown to cause a similar tradeoff between growth rate 
and carbohydrate accumulation in the microalga Chlorella zofingiensis [56]). Therefore, after comparing biomass generation and total 
carbohydrate storage, 50%–50 % sturgeon-swine wastewater was selected as the optimal wastewater mixture and further compared 
with the synthetic growth medium BG11. 

3.3. Comparison of optimal wastewater composition with synthetic growth medium BG11 

3.3.1. Analysis of biomass growth 
The nutrient concentrations and pH of 50%–50 % sturgeon-swine wastewater and BG11 are shown in Table 3. A key difference 

between these two growth media was the nitrogen sources. Nitrogen content was higher in BG11 with nitrate as the primary source, 
whereas 50%–50 % sturgeon-swine wastewater included both ammonia and nitrate. The orthophosphate concentration and pH were 
higher in wastewater. 

The performance of S. elongatus UTEX 2973 in 50%–50 % sturgeon-swine wastewater as a growth medium was compared with 
BG11, a synthetic growth medium commonly used to support the growth of cyanobacteria and microalgae (Fig. 4). The higher con-
centration of nitrate in BG11 compared to mixed wastewater could be one of the reasons for a higher growth rate of 0.162 ± 0.002 
day− 1 (p < 0.05). The growth rate was 0.146 ± 0.006 day− 1 when 50%–50 % sturgeon-swine wastewater was used as the growth 
medium. This growth rate was statistically lower than the growth rate for the 50%–50 % mixture tested in the previous step (p < 0.05). 
As experimental parameters were kept the same across experiments, this difference is most likely due to differences among wastewater 
batches, which is an important observation for further applications to real-world scenarios where wastewater typically varies not only 
by source but also by season and batch. In this second batch, the concentration of ammonia was slightly higher in 50%–50 % sturgeon- 
swine wastewater than in the first batch collected (69.95 mg N/L in Table 3 compared with 67.43 mg N/L in Table 2). As previously 
observed, the higher ammonia concentration might negatively affect growth. The swine wastewater used to prepare the mixed 
wastewater for this experiment was collected from a different point of the lagoon at a different time; another possible reason could be 
that the wastewater used to culture S. elongatus contained another limiting substrate (e.g., differing concentrations of metals, ions, or 
other inhibitory compounds) that slowed down the growth process. The biomass produced at the end of the culturing period was 0.85 
± 0.08 g DW/L for BG11 and 0.65 ± 0.04 g DW/L for 50%–50 % sturgeon-swine wastewater. The biomass yield on N basis was 68.47 
± 32.36 g/g in BG11 and 44.86 ± 0.27 g/g in 50%–50 % sturgeon-swine wastewater. The biomass yield was higher in BG11 than 50%– 
50 % sturgeon-swine wastewater. 

The morphology of S. elongatus cells was investigated under a scanning electron microscope (SEM) (Fig. 5). The cells grown in BG11 
(Fig. 5a) had a length of 2.0–2.4 μm and a width of 0.50–0.67 μm. Cells cultured in 50%–50 % sturgeon swine wastewater (Fig. 5b) 
were smaller (length of 1.3–1.5 μm and width of 0.4–0.5 μm). The presence of short pili enabled the bacteria to display an aggregation 
phenotype and colonize randomly [57] in wastewater while the cells from BG11 were unattached and floating freely, indicating that 
the cells in 50%–50 % sturgeon-swine wastewater were stressed. 

3.3.2. Analysis of carbohydrate storage 
Harvested biomass from the two treatment groups was analyzed for total carbohydrate, glycogen, and non-glycogen hexoses. The 

50%–50 % sturgeon-swine wastewater treatment group accumulated significantly higher total carbohydrate and glycogen (p < 0.05). 
However, no significant impact of treatment groups was found in hexose accumulation in biomass (p > 0.05). Total carbohydrate 
accumulated was 75 % and 64 % of dry biomass for 50%–50 % sturgeon-swine mixed wastewater and BG11 growth medium, 
respectively (Fig. 6). Glycogen was found to be the main carbohydrate present in biomass, almost 90 % of the total sugar. It was 
observed that glycogen content was 68 % and 57 % of dry cell weight for 50%–50 % sturgeon-swine mixed wastewater and BG11 
growth medium, respectively. 

To complement the experimental findings, scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) was 
performed to obtain an insight into the carbohydrate accumulation in terms of the percentage of carbon present in the cells (data 
available). EDS analysis can quantify all chemical elements in the cells except for hydrogen. Therefore, SEM-EDS does not provide 
absolute measurements but still provides useful relative comparisons across samples (Table 4). The difference between the percentages 
of carbon aligned with experimental findings; higher carbohydrates correlated with a higher carbon percentage. The percentage of 
nitrogen was 6.7 % for mixed wastewater biomass, whereas it was 5 % for BG11 biomass. Similarly, a higher percentage of phosphorus 
was also found in mixed wastewater biomass samples than BG11 biomass samples (1.3 % compared to 0.4 %). This indicated that 
S. elongatus had taken up a considerable amount of both nitrogen and phosphorus in the wastewater and stored in their biomass. 
Increased concentration of calcium (Ca), potassium (K), and magnesium (Mg) metal was observed in biomass grown in mixed 
wastewater. 

Table 3 
Concentration of nutrients and pH in 50%–50 % sturgeon-swine wastewater and BG11.  

Growth Media Ammonia-N (NH4
+-N) mg 

N/L 
Nitrate-N + Nitrite-N (NO2

− –N/NO3
− –N) mg 

N/L 
Orthophosphate-P (PO4

3--P) mg 
P/L 

pH 

BG11 0.05 235.58 6.73 7.86 
50%–50 % sturgeon-swine 

wastewater 
69.95 10.57 8.90 8.93  
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3.4. Nutrient removal from wastewater 

S. elongatus UTEX 2973 utilized the nutrients present in the wastewater to support their growth during the 14 day culture period. 
The nutrient removal efficiency was also determined after harvesting the biomass. Before calculating biological removal potential, 
nutrient conversions due to abiotic processes were analyzed and factored into the calculation (see equation (1) in methods). Table 5 
shows nutrient concentration initially on day 0, uninoculated wastewater control at day 14, and in wastewater after harvesting the 
biomass at day 14. 

Fig. 4. Comparison of S. elongatus UTEX 2973 biomass accumulation in 50%–50 % sturgeon-swine wastewater with control synthetic BG11 growth 
media: a) biomass accumulation on a dry weight basis over the growth period in quadruplicates with standard deviation and b) cell culture density 
visualization over the experimental time period. 

Fig. 5. Cell morphology of S. elongatus UTEX 2973: a) Scanning electron microscopy (SEM) image of cells grown in BG11 and b) SEM image of cells 
grown in 50%–50 % sturgeon-swine wastewater for 14 days. 
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Ammonia is a volatile compound, and it was found that 97.4 % of ammonia was either evaporated or converted to nitrate, and only 
2.6 % of the initial ammonia was present after 14 days in the uninoculated control sample (data available). It was also found that the 
concentration of nitrate-N in the uninoculated wastewater control increased from 10.57 mg N/mL to 13.64 mg N/mL after 14 days, 
indicating 4.4 % of ammonia was converted to nitrate [58]. It was also observed that the concentration of orthophosphate decreased 
over the culture period (from day 0 to day 11). The phosphorus in orthophosphate can react with other compounds present in the 
wastewater and precipitate [59]. In the uninoculated control, the 82.75 % decrease in concentration was attributed to abiotic removal 
(Fig. 7). 

The concentration of nutrients in the inoculated wastewater was measured after harvesting the biomass to quantify nutrients that 
were neither consumed by S. elongatus nor reacted abiotically by the end of the experiment (“Remaining” concentration in Table 5). 
Thus, the biological removal of nutrients was calculated as the difference between (1) the nutrients available after accounting for 
abiotic conversions and (2) the nutrients remaining in the wastewater at the end of the experiment. The biological removal efficiency 
was found to be 67.15 % for orthophosphate, 93.39 % for nitrate, and 97.98 % for ammonia (Fig. 8). These nutrients were utilized by 
S. elongatus to produce biomass and storage materials, mainly carbohydrates. 

4. Conclusion 

This study highlighted the use of mixed wastewater (aquaculture and swine) as the growth medium to supply nutrients for 
S. elongatus UTEX 2973 growth and carbohydrate accumulation in biomass. It also demonstrated the nutrient removal potential of this 
species. Among the three different ratios of mixed wastewater tested, it was found that S. elongatus produced the maximum biomass 
and stored the highest amount of carbohydrate in 50%–50 % sturgeon-swine wastewater after 13 days of cultivation. Further com-
parison of a different batch of 50%–50 % sturgeon-swine wastewater with a synthetic growth medium, BG11, showed that a higher 
biomass growth was achieved in BG11 growth medium. However, the carbohydrate storage was significantly higher in the biomass 
grown in 50%–50 % sturgeon-swine wastewater. Moreover, considerable biological removal of ammonia nitrogen (≈98 %), nitrate- 
nitrite (≈93 %), and orthophosphate (≈67 %) from the mixed wastewater were achieved during this study. However, abiotic pro-
cesses played major parts in the removal of ammonia and phosphate. In conclusion, this study demonstrated that S. elongatus UTEX 
2973 could be used as a bioremediatory sustainable alternative in wastewater treatment, and the biomass generated during biore-
mediation could be used for sugar and other biochemical production downstream due to the high quantity of carbohydrate storage. 
Future work should explore additional optimization of the nutrient concentration and/or cultivation conditions (i.e., temperature, pH) 

Fig. 6. Comparison of the percentage of carbohydrate accumulation (total carbohydrate, glycogen, and non-glycogen hexoses) on a dry weight basis 
in S. elongatus UTEX 2973 biomass grown in 50%–50 % sturgeon-swine wastewater and BG11 (ns denotes p > 0.05 and **p < 0.01). 

Table 4 
SEM-EDS analysis of biomass in 50%–50 % sturgeon-swine wastewater and BG11.  

Elements Biomass in 50%–50 % Sturgeon-swine wastewater (%) Biomass in BG11 (%) 

C 67 60.3 
O 23 32.7 
N 6.7 5 
P 1.3 0.4 
Al 0.7 0.8 
Ca 0.4 0.2 
Mg 0.4 0.2 
S 0.3 0.3 
K 0.3 0  
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of wastewater, as well as symbiotic interactions with native wastewater microbiota, to further improve growth and carbohydrate 
accumulation. The carbohydrate enriched S. elongatus biomass can be used in saccharification and/or fermentation to produce value- 
added bioproducts such as sugar, ethanol, and bioplastic. 

Table 5 
Concentration of nutrients in wastewater at the beginning (day 0), in uninoculated wastewater control at the end of the experiment (day 14), and in 
wastewater after harvesting the biomass (day 14).  

Nutrients Ammonia-N (NH4
+-N) mg 

N/L 
Nitrate-N + Nitrite-N (NO2

− –N/NO3
− –N) 

mg N/L 
Orthophosphate-P (PO4

3--P) mg 
P/L 

Wastewater day 0 (Initial) 69.95 10.57 8.90 
Uninoculated wastewater control day 14 

(Available) 
(Mean ± SDa) 

1.82 ± 0.032 13.65 ± 0.002 1.53 ± 0.005 

Wastewater after harvesting biomass day 14 
(Remaining) 
(Mean ± SDa) 

0.04 ± 0.002 0.90 ± 0.852 0.50 ± 0.172  

a SD = Standard deviation. 

Fig. 7. Percent removal of nutrients (ammonia nitrogen, nitrate-nitrite, and orthophosphate) from 50%-50 % sturgeon-swine wastewater by abiotic 
processes and S. elongatus UTEX 2973 assimilation. 

Fig. 8. Percent removal of bioavailable nutrients (ammonia nitrogen, nitrate-nitrite, and orthophosphate) from 50%-50 % sturgeon-swine 
wastewater by S. elongatus UTEX 2973 assimilation. 
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