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Abstract: The cultivation of Plectonema terebrans BERC10 in wastewater and integrating the wastewater-
derived biomass followed by its processing for multiple products in a biorefinery could help in
achieving environmental sustainability and cost effectiveness. This study evaluated the resource
recovery potential of the cyanobacterium Plectonema terebrans BERC10 from urban wastewater fol-
lowed by the cascading processing of the biomass into multiple bioproducts. The annual biomass
productivity ranged from 0.035–0.064 gL−1d−1 and contained 40–46% lipids and 20–38% protein. The
cascading processing of the biomass resulted in multiple products, including 53 mgg−1 of high-value
pigments and high-quality biodiesel in accordance with American and European standards. The
pigment-free and de-fatted residual biomass was used as a sole feedstock (30–70 gL−1) to produce
enzymes and mycoproteins via fungal fermentation employing Aspergillus niger and Aspergillus oryzae.
Interestingly, A. oryzae produced 28 UmL−1 of α-amylase and the final residues were mycoproteins
after 96 h. Furthermore, the strain removed 80–90% of total phosphorous, 90–99% of total nitrogen,
and significantly lowered the COD, BOD, and TDS of urban wastewater. The data demonstrated
that P. terebrans has substantial potential for resource recovery and could become a candidate for a
wastewater-derived algal biorefinery.

Keywords: biorefinery; cyanobacteria; sustainability; resource recovery; bioproducts; wastewater
treatment; cascading processing; circular bioeconomy

1. Introduction

Microalgae are a prospective feedstock for producing biodiesel and value-added bio-
products. One of the main advantages of utilizing algal biomass is its possessing the highest
ability to fix environmental CO2 when compared to other photosynthetic systems including
terrestrial plants; moreover, their cultivation does not need arable land. Additionally, mi-
croalgae could be the best option for the cleanest resource recovery of wastewater-derived
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nutrients and the subsequent recycling of the treated water [1]. However, despite their
huge potential, there are still many hurdles in the way of achieving economic viability and
application on an industrial scale [2]. The cultivation of cyanobacteria on wastewater needs
rigorous knowledge about nutritional variation in the urban wastewater, which strongly
affects growth and metabolite biosynthesis. Hence, detailed knowledge of the impact of
nutrient variation on growth and metabolite production is needed prior to upscaling and
commercialization of any potent algal strain.

In addition, achieving commercial robustness is hindered by the inefficient down-
stream processing which is often focused on a single product (biodiesel in most cases),
where 40–60% of the biomass goes to waste along with extraction solvents, which not only
compromises the cost-effectiveness, but also raises environmental concerns. Therefore,
developing a sustainable, robust, and cost-effective method for downstream processing
is essential. Recently, it has been proposed that complete utilization of the algal biomass
in a zero-waste paradigm could be a cost-effective and viable approach to achieving the
industrial and environmental targets of the microalgae biorefinery [3]. The algal biorefinery
is an emerging, cost-effective, and sustainable concept for the conversion of algal biomass
into various high-value products with minimal generation of waste. The concept of single-
product recovery is not a cost-effective approach. Selective biorefining of biomass and
cascading processing into multiple products is a crucial requirement for the commercializa-
tion of different algae-based products [4]. The cascading biorefinery concept involves the
integration of different techniques to sequentially extract various major and intermediate
products from biological feedstock while producing minimum waste [5].

Resource recovery from wastewater by cultivating cyanobacteria is a global interest
that offers a beneficial approach to the circular bioeconomy. This concept was first proposed
by Ostwald in the 1950’s when algae were used to provide dissolved oxygen for the decom-
position of organic waste [6]. Nutrient removal by algae facilitates wastewater treatment
by eutrophication mitigation, carbon sequestration, and production of valuable biomass.
Globally, 61–2310 million m3 of wastewater is being produced on daily basis, which is
becoming challenging to handle [7]; alternatively, it could be employed as a resource to
produce algal biomass in a cost-efficient manner. Direct discharge of wastewater without
any treatment disturbs biological diversity and ultimately disrupts the integrity of life in
water bodies. Based on the available data, less than 40% of wastewater receives treatment.
The percentage is higher (about 70%) in developed countries but lower in developing coun-
tries (8%) [8]. Various filamentous cyanobacterial species such as Oedogonium, Spirogyra,
Klebsormidium, and Cladophora have been reported to treat wastewater. Chlorella species
have shown a removal rate of 82% for NH4-N and about 70% for phosphorous. C. vulgaris
showed 80% COD removal efficiency [9].

Seasonal variation causes a continued change in the chemical composition of the
wastewater which resultantly affects the growth of the algal strain being employed for the
wastewater treatment. Nitrogen and phosphorous are important macronutrients required
by algal cells. Phosphorous is an important part of the energy-storing molecule ATP, while
nitrogen accounts for 7–20% of the dry cell weight and plays a vital role in producing
nucleic acids and proteins [10]. Nutrient depletion shifts the metabolic path of the cells,
e.g., scarcity of macronutrients causes increased synthesis of storage lipids. For example,
nitrogen starvation resulted in higher lipid and starch accumulation in the same way that
the increase in involved nitrogen supports the proteins and synthesis of phycobilins. In
this study, our lab isolated Plectonema terebrans BERC10 grown in wastewater throughout
the year (12 months) with varying nutrient compositions, while other conditions, including
the light duration, intensity, and temperature, were controlled to assess the feasibility of
utilizing urban wastewater as a low-cost growth media for indoor cultivation. The impact
of nutrient variation was studied on biomass and metabolite productivity. The biomass
produced was processed in a multiproduct zero-waste paradigm to produce multiple
products. According to our best knowledge, this is the first study that analyzed the impact
of nutrient variation on growth and metabolite composition using real urban wastewater
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spanning over 12 months. The data showed exciting findings which could be helpful to
the establishment of a wastewater-derived multiproduct biorefinery in the best technical,
economical and environmental scenarios.

2. Materials and Methods
2.1. Strain Selection

A fully characterized lab strain Plectonema terebrans BERC10 was acquired from the
PhycolBank at Government College University Faisalabad, Pakistan. The strain selection
was based on the preliminary experiments of P. terebrans BERC10 on a lab scale that showed
promising results in terms of growth kinetics, remarkable biochemical composition, and low
contamination risks during cultivation. Additionally, the filamentous nature of the strain
favored easy harvesting and could easily be collected by mesh, thus making the harvesting
economically feasible [11]. Therefore, the strain was grown in urban wastewater (without
sludge), collected from wastewater disposal throughout the year (on a monthly basis), at
lab scale under controlled conditions (temperature 30–32 ◦C, light intensity 1700 lux) to
check the impact of the seasonally varying concentrations of different nutrients on growth
kinetics and metabolite composition.

2.2. Experimental Setup

Small-scale, open raceway pond-like glass boxes were used for cultivation (from
October 2020 to October 2021) due to easy management and economic feasibility. The glass
boxes (length = 30 cm, width, and depth = 15 cm) have a total capacity of about 7 L. A
working volume of 3.5 L was used to ensure easy mixing and proper light penetration.
No additional CO2 was provided during cultivation. The cultures were agitated manually
2–3 times a day to ensure even distribution of nutrients and gases.

2.3. Types and Composition of Media Used for Cultivation

Urban wastewater was used as a low-cost cultivation medium. The untreated wastew-
ater (urban) was collected from the wastewater disposal site of Faisalabad city (93P4 + PQW,
Nawaban Wala, Faisalabad, Pakistan) in different months of each season. The Modified
BG11 media (MBG11) was used as a control (from here will be referred to as synthetic
wastewater or MBG11) and had increased nitrogen, phosphorous, and carbon concentra-
tions. The wastewater was analyzed before and after cultivating the Plectonema terebrans
BERC10 strain, as reported previously [12] to assess the wastewater treatment potential of
the strain BERC10.

2.4. Cultivation of Media Dynamics

The pH is a crucial factor for contamination control during cultivation. Moreover,
a change in pH also influences the growth of cyanobacteria because each strain has its
optimum pH on which it shows maximum growth. Therefore, to study the impact of
wastewater-cultivated cyanobacteria on media dynamics, the pH was measured regularly
at specific intervals during the cultivation period.

2.5. Growth Kinetics and CO2 Fixation Potential

The biomass was harvested, lyophilized, and stored at −20 ◦C for further use. The
growth parameters namely biomass production, biomass productivity, specific growth rate,
and doubling time were computed by using the following equations (Equations (1)–(5))

Biomass production = Wy − Wx (1)

Biomass production was calculated in (gL−1), where Wy is the biomass produced
(dried biomass basis) and Wx is the inoculum size (dried biomass basis).

Biomass productivity =
my − mx

ty − tx
(2)
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where my and mx are the final and initial biomasses, respectively, while ty and tx are the
final and initial time. Biomass productivity was calculated in gL−1d−1.

Specific growth rate (µ) =
ln

(
my
mx

)
ty − tx

(3)

where µ is the specific growth rate (day−1)

Doubling time (Td) =
µ
(
ty − tx

)
log2

(
my
mx

) (4)

Td is the doubling time of the cells.
The CO2 fixed (taken from the water and atmosphere) by the cyanobacterial biomass

was calculated using Equation (5), where factor 1.83 means that 1 kg of algae biomass can
fix 1.83 kg of CO2

.

PCO2 = 1.83 × Pbiomass (5)

2.6. Cascading Processing of the Algal Biomass

For efficient biomass processing, the cascading biorefinery approach was focused to
ensure the highest resource recovery with the lowest amount of waste production. This
approach involved the recovery of various products in a cascading manner. Firstly, phy-
cobilins were extracted from wastewater-cultivated biomass. After phycobilin extraction,
pigment-free biomass was processed for lipid extraction where lipids were trans-esterified
to produce biodiesel. Finally, pigment-free de-oiled residual biomass was completely val-
orized to industrial enzymes and proteins through fungal fermentation. The following
sections describe the detailed methods of the cascading biorefinery route employed in
this study.

2.6.1. Extraction and Estimation of Phycobilins from the Wastewater-Cultivated Biomass

In the first step, high-value metabolites (phycobilins) were extracted. For phycobilin
extraction, 50 mg of lyophilized sample was taken and treated with 0.1 M phosphate
buffer, vortex, and kept for 12–24 h at room temperature under dark conditions. After the
treatment, a sample was centrifuged at maximum speed. Pigment containing supernatant
was separated and its absorbance was measured at wavelengths λ 652 nm, λ 620 nm, and
λ 562 nm to calculate allophycocyanin, phycocyanin, and phycoerythrin concentrations,
respectively (mgmL−1) [13].

2.6.2. Extraction and Estimation of Lipid and Biodiesel Production

The pigment-free biomass was subjected to lipid extraction. Lipids were extracted
using Bligh and Dyer’s method [14]. Briefly, 50 mg of the sample (oven-dried at 65 ◦C)
was taken and mixed with 7.5 mL of chloroform:methanol (2:1) solution. The sample was
kept overnight at 37 ◦C with continuous agitation. On the next day, it was centrifuged,
the supernatant was separated in a separate tube and the lipids were re-extracted from
the residual biomass. For phase separation, the solution of chloroform, methanol, and
sodium chloride (1%) was added with a 1:1:0.9 ratio for 1 mL supernatant. Afterward,
the solution was centrifuged and lipids containing chloroform (lower organic layer) were
separated and kept at 57 ◦C for evaporation until constant weight. Lipids were estimated
(Equation (6)) gravimetrically.

Lipid content (%) =
Amount o f lipids (g)

Samplle taken (g)
× 100 (6)

Later, the lipids were processed for FAME analysis as described previously [11].
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2.6.3. Estimation of Carbohydrate Content

The carbohydrate content of pigment-free de-oiled biomass was measured by phenol-
sulfuric acid [15]. Firstly, 20 mg of oven-dried biomass was treated with 1 mL of 72% H2SO4
for 10 min for the lysis of cell walls with vigorous mixing after regular intervals. The sample
was centrifuged for 5 min at 13,000 rpm for the separation of sugars from the biomass.
The sample was diluted (to 4% concentration) with double-distilled water. At the next
step, 0.5 mL of the diluted sample was taken and 0.25 mL of 5% phenol was added for
protein digestion and kept at room temperature for 3 min. In the next stage, the sample
was further treated with concentrated H2SO4 and kept in a shaking incubator for 15 min at
37 ◦C. The formation of brown color indicated the presence of sugars. The concentration of
carbohydrates was found by comparing the absorbance (at λ 490 nm) with the standard
curve. The carbohydrate content was calculated by using the following formula

Carbohydrate content (%) =
concentration × D.F
sample taken (mg)

× 100 (7)

where D.F is the dilution factor and concentration is the amount of glucose estimated based
on the standard curve.

2.6.4. Estimation of the Protein Content of the Biomass

Proteins were extracted by following the hot alkaline method while their quantification
was carried out using the micro-biuret method [16,17]. Ten mg of the oven-dried sample
was placed in 1 mL NaOH (0.5 N) solution. The sample was heated at 80 ◦C for 10 min with
inverted mixing and allowed to cool at room temperature. Afterwards, the first treatment
sample was centrifuged at 13,000 rpm for 5 min and the supernatant was separated into a
test tube. Extraction was repeated twice under the mentioned conditions to re-extract the
proteins from the residual biomass, although the final step was performed at 95 ◦C.

The micro-biuret method was used for the quantification of proteins, where 1 mL of
CuSO4 solution (0.21% CuSO4 in 30% NaOH) was mixed with 2 mL of protein extract
(supernatant). Optical density was measured by using a UV-Vis spectrophotometer (AE-
S60-2U, A&E Lab, London, UK) at λ 310 nm.

Protein content was calculated (Equation (8)) by comparing it with the standard curve.

Protein content (%) =
Protein calculated
Sample taken (mg)

× 100 (8)

2.6.5. Fungal Fermentation of the Pigment-Free De-oiled Residual Biomass

The second stage of cascading biorefinery was focused on the utilization of residual
biomass after lipid extraction. Residual biomass was subjected to fermentation using
A. oryzae and A. niger as fermenting strains as described previously [3]. Both strains are
considered GRAS (Generally Recognized as Safe) for human and animal consumption.
Before the experiment, fungal strains were acclimatized on algal biomass for 72 h. Briefly,
different concentrations of cyanobacterial biomass including 30 gL−1, 50 gL−1, and 70 gL−1

were used in the fermentation experiment. A known amount of the biomass was placed
into 50 mL Erlenmeyer flasks containing 20 mL reaction volume prepared using sterilized
distilled water. The inoculum of 10 µL, from acclimatized fungal strains, was added to
the reaction mixture. The PDA broth and algal biomass (without fungal inoculum) served
as positive and negative controls, respectively. All flasks were incubated in a shaking
incubator at 30 ◦C with a constant shaking speed of 180 rpm. Sterilized glass beads (3–5)
were added to each flask to ensure uniform fungal growth. The experiment was continued
for 120 h, where 500 µL of sample from each flask was taken at 24 h, 48 h, 72 h, 96 h, and
120 h, centrifuged, and the supernatant was processed to check the enzyme activity. After
120 h, supernatant containing α-amylase was separated into a separate flask and the pellet
was oven-dried and processed for biochemical analyses to track the changes in protein and
carbohydrate contents before and after fermentation.
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2.6.6. Enzyme Assay for the Quantification of α-Amylase Activity

The enzyme assay was used to determine the activity of enzymes, as described previ-
ously [18]. Briefly, 100 µL of the enzyme solution was incubated at 45 ◦C for 30 min in the
presence of 1.0 mL of substrate (1% starch solution) and 1.0 mL sodium acetate buffer. The
α-amylase reacts with starch and converts into dextrin, maltose, and glucose subunits. This is
called a quenching reaction. In the next step, the concentration of these reducing sugars was
determined using the DNS method [19]. Accordingly, 2.0 mL of DNS (3,5-dinitrosalicylic acid)
solution was mixed with a 2.1 mL quenched reaction mixture. The solution was boiled for
10 min and was allowed to cool at room temperature. The blank reaction was prepared by
adding 100 µL H2O, 2.0 mL of sodium acetate and 2.0 mL DNS. After cooling, absorbance was
measured at λ550 nm. A glucose standard curve was used to determine the glucose standard
factor. The unit of enzyme activity was calculated by using (Equation (9)).

Unit/mL/min =
∆A × G.S factor (2.02)× Dil. f actor × Total reaction mixture (2.1 mL)

Enzyme(0.1 mL)× Time (30 min)× QRM f or DNS assay (0.5 mL)
(9)

where ∆A = OD at λ 550 nm, QRM = Quenched reaction mixture, and G.S factor = Glucose
standard factor = 2.02 µmol glucose

One unit of α-amylase activity is specified as the amount of enzyme needed to release
1.0 µmol of reducing sugars.

3. Results and Discussion
3.1. Variation in the Nutrients and Their Impact on the Growth

In this study, wastewater analyses showed a significant variation in the nutrient
composition of wastewater during different seasons. The variable consumption of water di-
rectly influenced the nutrient composition of wastewater during different seasons (Table 1).
Nitrogen and phosphorous are the key nutrients whose optimum ratio is required for
higher algal growth. Nitrogen is an essential component of different biomolecules such as
nucleotides and amino acids, while phosphorous is mainly involved in the energy storage
and formation of DNA and RNA subunits.

Table 1. Physicochemical properties of the wastewater calculated in mgL−1 during different seasons.

Wastewater pH TDS COD BOD Total
Nitrogen

Total
Phosphorus NO3N NH3-N

Winter 8.6 1720 210 110 1.5 11 - -
Spring 9.1 2070 291 90 4.2 12 1.7 0.8

Summer 8.8 2470 105 32 7.11 3 1.7 0.2
Fall 6.6 2210 149 39 10.9 7 4.8 1.8

During this study, the P. terebrans BERC10 cultivated in UWW outperformed the
MBG11 cultivation in terms of growth, where almost 1.3-fold higher biomass was pro-
duced in the case of UWW during the winter and spring seasons (Figure 1a). The findings
from this study demonstrated that the wastewater was more suitable for cyanobacte-
rial growth and could support significant biomass production. Maximum biomass pro-
ductivity of 0.064 gL−1d−1 of BERC10 was observed in UWW while 0.048 gL−1d−1 in
the case of synthetic wastewater (MBG11) (Figure 1b). Similarly, previous studies re-
ported that algal strains performed better in wastewater when compared to the control
media [20–22]. Previously, Spirulina platensis, a renowned cyanobacterium, grown on
wastewater produced 0.058 gL−1d−1 of biomass [23], whereas BERC10 from this study
produced 0.9-fold higher biomass. In contrast, Leptolyngbya sp. ISTCY101 grown in
wastewater attained a relatively higher biomass productivity of 0.085 gL−1d−1 (1.32-fold
higher) [20]. Interestingly, in the current research, P. terebrans BERC10 showed 2.66-fold,
2.78-fold, and 3.55-fold higher biomass productivity when compared to the biomass pro-
ductivities of Chlorella pyrenoidosa (0.024 gL−1d−1), Anabaena ambigua (0.023 gL−1d−1),
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and Scenedesmus abundans (0.018 gL−1d−1) during phycoremediation of dairy wastewa-
ter, respectively [22]. Likewise, in this study, BERC10 showed 1.25-fold higher biomass
productivity when compared to the Nostoc sp. LS04 (0.051 gL−1d−1) when cultivated in
wastewater [24]. On the other hand, wastewater-cultivated Tetraselmis sp. showed 1.0-fold
higher biomass productivity [25] when compared to P. terebrans BERC10.

Figure 1. Biomass productivity in response to different growth conditions, its growth kinetics, and
pH variation trend: (a) biomass productivity by P. terebrans BERC10 in urban wastewater (UWW) and
MBG11; (b) variation in pH in response to MBG11 cultivation; (c) variation in pH in response to UWW
cultivation. Relationship of CO2 fixation, doubling time, and specific growth when the strain was
cultured in (d) MBG11 media; (e) urban wastewater.
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Results from the current study indicated a strong impact of nutrient composition on
biomass production and variation in metabolite content. Alternatively, lower biomass
production was observed in the wastewater collected during the summer seasons, which
was almost half that collected in other seasons due to dilution in nutrient composition.
Previously reported studies also demonstrated a decrease in biomass production due to
the lower nutritional value of growth media [22,26]. Wastewater analysis endorsed the
results and showed that the presence of sufficient nutrients in the wastewater collected
during the winter and spring seasons positively affected biomass production, while nutrient
scarcity was observed in the summer and fall seasons, which resulted in lower biomass
production. The impact of nutritional variation on biomass productivity, CO2 fixation,
specific growth, and doubling time are shown in Figure 1. The control used in the current
study showed a consistent trend throughout the year (Figure 1d); in contrast, reduced
growth and increased doubling time can be seen in the summer season (Jun–September) in
the case of UWW. Additionally the strain performed better than control during the rest of
the months (Figure 1e).

3.2. Growth-Dependent pH Variation of the Cultivation Media

During this study, the variation in the pH of the cultivation media was the same in
both MBG11 and UWW. P. terebrans BERC10 modified the pH of the media and tended
to increase with growth regardless of its initial value. There was an elevation from pH 8
to pH 10 until the 10th day and then there was a slightly decreasing trend observed until
the 14th day, which indicated that BERC10 preferred to grow under alkaline conditions.
Other microorganisms were unable to grow at this pH; therefore, this feature will prove
helpful for contamination-free cultivation at a large scale (Figure 1b,c). The tendency of
cyanobacteria to grow at alkaline pH is commonly reported [27,28]. It was also observed
that enhanced photosynthetic activity is responsible for an increase in pH value [29]. The
carbon concentration mechanism could also be a responsible factor for an increase in pH
during the cultivation period [3,30].

3.3. Impact of Nutrition Variation on Protein Biosynthesis

In the present study, P. terebrans BERC10 showed higher protein content (35–45%) when
cultured in MBG11 throughout the year compared to the protein content produced in UWW
due to the high nitrogen content in the control media. The lowest protein content (18–26%)
was observed in the biomass produced in the wastewater collected during the winter and
spring seasons, which contained 1.5 mgL−1 and 4.2 mgL−1 total nitrogen, respectively.
Higher protein content (30–37%) was detected in the biomass produced in wastewater
collected during summer and fall, which could be due to a 2-fold higher nitrogen concentra-
tion in the wastewater when compared to the wastewater collected during the winter and
spring seasons (Figure 2a). Nitrogen is an important nutrient that is directly involved in
protein synthesis; therefore, the protein content was low during winter and spring due to
nitrogen deficiency in wastewater produced during these seasons. Another study reported
the cultivation of Spirogyra sp. on wastewater and achieved a protein content of 20% [31].
Nannochloropsis sp. grown in wastewater reported a protein content of 40% [32]. Varia-
tion in nutrient composition was the major factor behind this change because wastewater
analyses showed a higher nitrogen concentration (TN) (7.1 mgL−1) in summer and fall
(10.9 mgL−1). Therefore, a higher concentration of nutrients favored the biosynthesis of
proteins in this study, which is consistent with previous studies that reported a positive
impact of nitrogen on protein biosynthesis [33]. A previously reported study also observed
the direct correlation of protein synthesis with the concentration of nitrogen [34].
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Figure 2. Production and variations in metabolite composition: (a) protein content (%) and produc-
tivity (gL−1d−1) in response to nutrient variation in wastewater; (b) carbohydrate content (%) and
productivity (gL−1d−1) in response to nutrient variation in wastewater; (c) lipid content (%) and
productivity (gL−1d−1) in response to nutrient variation in wastewater. The bars show content (%)
while line curves show the productivity (gL−1d−1) of metabolites.

3.3.1. Impact of Nutrition Variation on Carbohydrate Biosynthesis

Evaluation of carbohydrate synthesis of P. terebrans BERC10 in UWW and MBG11
indicated that nutrients also had a strong impact on the biosynthesis of carbohydrates.
The maximum carbohydrate content of 22% was obtained in July, with a productivity of
0.013 gL−1d−1 in UWW, while the highest carbohydrate content of 18% with 0.0097 gL−1d−1

productivity was shown in the MBG11 media (Figure 2b). In most months, particularly
during May, June, July and August, UWW-produced biomass had greater carbohydrate
content (16–22%) and productivity when compared to the carbohydrate content (14–17%) of
biomass produced in MBG11. The results from this study were in line with the previously
reported study where phosphorous deprivation resulted in a higher starch content [35].
Wastewater analyses of these months indicated that phosphorus level in these months
was lower due to dilution and higher consumption of water by the public. In contrast,
the higher nitrogen concentration was reported in the fall and summer seasons because
these seasons had relatively high temperatures, so the consumption of (drinking) water
and food also increased in humans as well as in livestock animals, therefore the excretion
of more urine and feces (containing nitrogenous matter) caused a higher nitrogen content
in urban wastewater. The lowest carbohydrate content observed in the fall season ranged
from 8–15% due to the availability of sufficient nitrogen compared to other seasons, as
the availability of nitrogen had a negative impact on carbohydrate production [36,37].
The concentration of nitrogen and phosphorus was the reason behind the variations in
the production of carbohydrates [37]. The lowest carbohydrate content was produced
during the fall season. Another finding [38] supported the fact that nitrogen scarcity
favors carbohydrate biosynthesis. Previously, wastewater-based cultivation also reported
a higher carbohydrate content range from 40–50% [31]. The results from this study were
according to the previously reported results, which found that Acaryochloris marina BERC03,
Oscillatoria sp. BERC04, and Pleurocapsa sp. BERC06 had high carbohydrate contents of
25%, 32%, and 36% in UWW, respectively, compared to the control [11].
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3.3.2. Impact of Nutrition Variation on the Biosynthesis of Lipids

Nutrient variations showed a substantial impact on lipid biosynthesis. In this study,
lipids, content, and productivity of P. terebrans BERC10 were higher in UWW over the
whole year except in July compared to with MBG11 media. In the case of UWW, a max-
imum lipid content of 46% with a productivity of 0.057 gL−1d−1 were observed in June,
while the highest lipid content of 42% with 0.046 gL−1d−1 were observed in MBG11 me-
dia (Figure 2c). In the case of MBG11, the lipid content varied (36–42%) over the whole
year, while UWW-cultivated biomass contained (38–46%) lipid content throughout the
year. The higher lipid content in UWW involved nutrient scarcity that alters the metabolic
pathways in either lipids or carbohydrate biosynthesis. In this study, nutrition starva-
tion favored lipid synthesis. Several other studies reported higher lipid content in the
wastewater-produced biomass than in the control media. For example, Chlorella sorokiniana
SXAU-04 and Desmodesmus sp. PW1 achieved higher lipid content in wastewater than
BG11 media [39]. Chlorella protothecoides reported 47–51% lipid content when cultivated in
wastewater [40]. In another study, Cyanobacterium sp. IPPAS B-1200 produced 22% lipids
when cultured in wastewater and was suitable for biodiesel production [41]. Microcystis
protocystis also produced a significant amount (41.5%) of lipids in response to nutrient
variations [42]. Nitrogen limitation causes three major changes: lowering of cellular content
in the thylakoid membrane, stimulation of acyl hydrolase and increased hydrolysis of
phospholipids. Moreover, nitrogen depletion causes the activation of diacylglycerol acyl-
transferase, which is involved in the synthesis of triglyceride (TAG) [43]. The lipids content
of Nostoc sp. LS04 was also enhanced in response to nutrient stress [24]. Several other
studies have reported that nitrogen depletion acts as an effective strategy for improved lipid
biosynthesis [44,45]. However, some other findings observed a strong inverse correlation
between nitrogen and lipids production [42,46]. These alternative reports indicate that the
correlation of nitrogen stress with lipid biosynthesis should be carefully assessed through
detailed studies involving omics in the future.

3.3.3. Biodiesel Properties of Wastewater Cultivated Biomass

An ideal cyanobacterial strain for biodiesel production should have significant biomass
production with a higher lipid content (20–40%) and should have a suitable fatty acid
composition [47]. P. terebrans BERC10 performed well in the current study in terms of
biomass and lipid biosynthesis; thus, the next part of the research involved the study of
the fatty acid composition of the extracted lipids. The composition of fatty acid esters is an
important parameter that affects biofuel properties. The most important properties include
the cetane number (CN), iodine value (IV), cloud point (CP), and cold filter plugging point
(CFPP). The cetane number (CN) determines the fuel quality in terms of combustion and
ignition time. A high cetane number enhances the performance of the engine and ignition
properties. Saturated fatty acids have a direct effect on the cetane number. The saturated
fatty acids were almost the same in the biomass produced in MBG11 and UWW, measuring
38% and 35%, respectively. The iodine value (IV) is the measure of unsaturation in fuel
that ultimately determines the oxidation stability of the biodiesel. Oxidation stability is
inversely related to iodine value. Cloud point (CP) shows the temperature range at which
the wax crystal formation begins that can cause problems in fuel lines; the lower CP range
is appropriate for good-quality biofuel. The cold filter plugging point (CFPP) represents
the flow performance of the fuel at a lower temperature. The concentration of unsaturated
fatty acids mainly predicts the value of CFPP. The lipids from MBG11 contained 33%
PUFA, while UWW contained a 40% degree of unsaturation. The balanced composition of
saturated and unsaturated fatty acids is essential to ensure biodiesel properties comparable
to the present biodiesel standards. A high concentration of polyunsaturated fatty acids
may cause polymerization by oxidation [48]. Interestingly, the biodiesel produced from the
BERC10 biomass grown in UWW had no adverse impact on biodiesel properties (Figure 3).
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Figure 3. FAME analysis of the biodiesel derived from the lipids extracted from P. terebrans BERC10
biomass produced in MBG11 and UWW. Mono-unsaturated Fatty Acids = MUFA, Branched Saturated
Fatty Acids = BSFA, Poly Unsaturated Fatty Acids = PUFA, and Saturated Fatty Acids = SFA.

The fatty acid profile showed an elevated proportion of C16-C18 fatty acids, where
12.5 mgg−1 and 3.3 mgg−1 of palmitic acid and oleic acid, respectively, were produced
in the lipids extracted from UWW-grown biomass, while a slight decrease was observed
in the lipids derived from MBG11-produced biomass, which contained 10 mgg−1 and
3 mgg−1 palmitic and oleic acid, respectively in this study. The biodiesel properties of the
lipids from MBG11-produced biomass were better when compared to the UWW-grown
biomass due to the balanced composition of MUFA and PUFA. The MUFA showed a slight
increase in the case of UWW compared to MBG11 media due to nitrogen deprivation. In
the case of UWW, the estimated biodiesel properties showed a higher cetane number (68.9),
appropriate oxidation stability (7.9 h), and lower iodine number (73.6 gI2/100g). Despite a
small negative impact of UWW cultivation, the biodiesel properties were in line with the
standards set by the European and American Society of Testing and Materials (ASTM), as
shown in Table 2. The results from the current study were consistent with the previously
reported studies related to the cultivation of cyanobacteria in wastewater [21,41,49].

Table 2. Biodiesel properties of algal biomass grown in MBG11 and UWW and their comparison
with standards.

MBG11 UWW ASTM D6751 European 14,214

Degree of saturation (DU) 48.9 66.7 - -
Sponification value (SV) 140.17 124.84 - -

Iodine value (IV) 45 73.678 - ≤120
Cetane number (CN) 78.569 68.998 >47 >51

Long chain saturated factor
(LCSF) 2.50 1.98 - -

Cold filter plugging point
(CFPP) −7.657 −9.732 - -

Cloud point (CP) −4.16 −4.0 - -
Pour point (PP) −10.897 −9.987 3 3–15

Allylic position equivalent
(APE) 45.987 65.789 - -

Bis allylic position
equivalent (BAPE) 32.955 38.978 - -

Oxidation stability (OS) 6.784 7.986 - -
High heating value (HHV) 24.343 22.103 - -

Viscosity 2.7342 2.31785 1.9–6 3.5–5
Density 0.614 0.574 - 0.86–0.9
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3.3.4. Phycobilin Production during Different Seasons

Cyanobacteria are known to produce a variety of high-value pigments (phycocyanin,
phycoerythrin, and allophycocyanin) that have numerous applications in the health, food,
and cosmetics industries. Phycobilin production from P.terebrans BERC10 cultivated in
MBG11 media was higher than in UWW (Figure 4a). Phycobilin yield in UWW ranged from
30–62 mgg−1 throughout the year, which improved with an increasinglevel of nitrogen in
wastewater during this study, while a phycobilin yield of 157-163 mgg−1 was obtained in
the case of MBG11 (Figure 4a,b). Another study reported the utilization of cyanobacterial
consortia for wastewater treatment, which yielded 13–18 mgg−1 of phycobilins [50]. Culti-
vation of Acaryochloris marina BERC03 and Oscillatoria sp. BERC04 in wastewater produced
65 mgg−1 phycobilins [11]. Phycobilin yield has a direct relationship to the availability of
nutrients. Due to the deficiency of nutrients in wastewater during this study, the phycobilin
production was lower than other reported strains grown in standard media. Many studies
reported the negative impact of wastewater on phycobilin production. For instance the
phycobilin production of Acaryochloris marina BERC03 and Oscillatoria sp. BER04 was
decreased when cultivated in wastewater in comparison to standard media [11]. Moreover,
cyanobacteria degrading their PBs during nutrient-depleted conditions to meet their nu-
trient requirements seems a possible reason for the lower production of phycobilins [51].
Production of these high-value pigments varies from species to species. Various studies
have reported that supplementation with sodium bicarbonate and nitrogen significantly
increases their production [52].

Figure 4. Phycobilin yield during different seasons and their variations throughout the year in
(a) MBG11; (b) UWW.

3.4. Wastewater Treatment Potential of Plectonema terebrans BERC10

The utilization of wastewater as cultivation media offers an eco-friendly and cost-
effective approach to biodiesel production and wastewater treatment. Post-cultivation
wastewater analyses showed an enormous potential of the BERC10 strain to treat wastewa-
ter. Higher concentrations of N and P in waterbodies cause eutrophication, which poses
serious threats to aquatic organisms. P.terebrans BERC10 in this study showed surprising
results as it removed most of the nutrients during growth. The nutrient removal efficiency
varied according to the variation in the nutrient composition of the wastewater. The
initial concentration of total phosphorous was 11 mgL−1 in winter, 12 mgL−1 in spring,
3 mgL−1 in summer, and 7 mgL−1 in the fall season; this was reduced to 1.78 mgL−1 in
winter, 0.95 mgL−1 in spring, 0.4 mgL−1 in summer and 1.55 mgL−1 in the fall season
after treatment. Therefore, the removal rate of total phosphorous (TP) was shown to be
85%, 92%, 88% and 80% during winter, spring, summer, and fall respectively (Figure 5).
A similar trend was observed in the case of total nitrogen (TN), where BERC10 removed
90%, 85%, 99% and 95%, which correspond to the final values of 0.2 mgL−1, 0.6 mgL−1,
0.1 mgL−1 and 0.5 mgL−1 of the total nitrogen in the treated water collected during winter,
spring, summer and fall, respectively. Likewise, P. kessleri NKG021201 was shown to have a
substantial potential for wastewater treatment, which removed 98% of nitrogen and 69% of
phosphorous [53]. Previously, Chlorella zofingiensis cultivated in wastewater showed a nu-
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trient removal rate of 93% of nitrogen and 90% phosphorous [54]. Oedogonium intermedium
removed 36% of nitrogen and 62% of phosphorous [55]. Auxenochlorella protothecoides cul-
tivation in wastewater resulted in a 90% reduction in COD while 60% and 80% removal
of nitrogen and phosphorous, respectively [56]. In this study, the strain also performed
well in the case of other parameters of wastewater analysis such as COD, BOD, and TDS. It
lowered the COD and BOD of wastewater in the winter and fall seasons (by more than 70%).
The initial values of COD in winter and fall seasons were 210 mgL−1 and 149 mgL−1, which
were decreased to 66 mgL−1 and 49 mgL−1, respectively, while in the same way, BOD was
also decreased from 110 mgL−1 and 39 mgL−1 to 29 mgL−1 and 13.5 mgL−1. On the other
hand, the water collected during the spring and summer seasons showed an unexpected
increase in the BOD to 102 mgL−1 and 60 mgL−1 from their initial values of 90 mgL−1 and
32 mgL−1, respectively. On the other hand, COD increased from 291 mgL−1 and 105 mgL−1

to 308 mgL−1 and 166 mgL−1 in the spring and summer seasons, respectively. Increased
residence time and nutrient depletion would have resulted in the secretion of various or-
ganic compounds during these seasons, which could be the possible reason for an increase
in COD and BOD in this study. Similarly, many other studies also reported that algal
cultivation caused an increase in the COD and BOD of wastewater after cultivation [3,57].
Detailed studies would be required in the future to elucidate the possible causes and to
find a solution to this challenge.

Figure 5. Post-cultivation water analyses of the water collected during different seasons: (a) total
nitrogen (TN); (b) total phosphorous (TP); (c) total dissolved solids (TDS); (d) chemical oxygen demand
(COD); (e) biological oxygen demand (BOD).
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Interestingly, the final concentrations of total nitrogen (TN) and total phosphorous
(TP) were lower than 10 mgL−1 and 2 mgL−1, which lie within the permissible range set by
the European Commission Directive 98/15/EEC for the safe discharge of treated wastewa-
ter [58]. Therefore, after the cultivation, the wastewater was suitable for irrigation purposes.
The TDS of wastewater also decreased significantly because the initial concentrations of
TDS were 1720 mgL−1, 2070 mgL−1, 2470 mgL−1 and 2210 mgL−1 which were decreased
to 675 mgL−1, 603 mgL−1, 675 mgL−1 and 669 mgL−1 after treatment, for the wastewater
collected during winter, spring, summer and fall, respectively, while the final concentration
ranged from 600–700 mgL−1 during all seasons in the current study. The TDS value of the
drinking water ranges from 150–250 mgL−1, so further processing would be required to
make it suitable for drinking purposes.

3.5. Cascading Processing of the Biomass in Multiproduct Paradigm

After cost-effective cultivation, efficient utilization of algal biomass is imperative for
the economic and environmental sustainability of the biorefinery. For effective downstream
processing, the cascading biorefinery concept was applied to the synthesis of multiple
bioproducts with minimal waste generation. Wastewater-grown biomass was processed in
a cascading manner for maximum resource recovery.

3.5.1. Product 1: Phycobilins

The chemical composition of the biomass which was used as a feedstock is given in
the previous sections. Phycobilins were selected as the first target product due to their
sensitivity and economic importance. In this study, a phycobilin yield of 53 mgg−1 was
obtained in biomass grown in wastewater with a 15% loss in biomass.

3.5.2. Product 2: Lipids Extraction from Pigment-Free Biomass for Biodiesel Production

As reported previously, lipids were the main constituent and comprised almost 50%
of the total dry weight. At the second stage of the cascading process, lipids were extracted
from depigmented and oven-dried biomass. It was interesting to see that there was not
a significant difference between the lipid yield of algal feedstock and its production in
depigmented biomass, where 43% of the lipid yield was obtained at the cost of a 20% loss
in biomass. Biodiesel properties interpreted from FAME analysis showed that biodiesel
properties were similar to the standards set by the European and American labs.

3.5.3. Product 3: Fermentation of the Pigment-Free Defatted Residual Biomass

Adequate exploitation of residual biomass is important via efficient downstream
processing in an algal biorefinery in order to achieve cost-effectiveness. The fate and
possible conversion route of residual biomass depend upon its metabolite composition.
After pigment and lipid extraction, the compositional analyses showed that 17% of the
carbohydrate content was in the biomass. Residual biomass had enough carbohydrates
to utilize in an efficient way. Fermentation of the carbohydrate-rich residual biomass
showed that A. oryzae outperformed A. niger in terms of α-amylase production. In the case
of A. oryzae, an enzyme production of 28 UmL−1 was achieved with a concentration of
70 gL−1 when compared to A. niger, which produced almost 15 UmL−1 after 96, which
indicated that A. niger produced 1.86-fold higher enzyme units compared to the A. oryzae
(Figure 6). However, both strains performed better in the control group (PDA media) when
compared to their enzyme production in the residual biomass. It was shown that both
strains attained maximum enzyme production at 96 h, after that a decreasing trend was
observed that showed the efficient utilization of carbon source for fungal growth during
1st 96 h. The compositional analysis after fermentation showed a decreasing trend of
carbohydrate levels, while an increasing trend of proteins was observed. The increase in
protein content indicated the biotransformation of algal carbohydrates into fungal proteins.
Another study reported 4.6-fold higher α-amylase production (131 UmL−1) by using the
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residual algal biomass as a sole substrate [3], which indicates that this part may need
further optimization in the future.

Figure 6. α-amylase enzyme production through fungal fermentation of pigment free de-oiled
biomass: (a) by A. oryzae; (b) by A. niger.

A similar observation regarding the utilization of wastewater-cultivated biomass for
multiple applications has been recorded where the de-oiled biomass of Nostoc sp. LS04
was used as a bio-stimulant for plant growth [24]. Many other studies reported α-amylase
production through the utilization of different feedstocks. For instance, cassava was
reported to be a substrate for the production of α-amylase where 14 UmL−1 enzymes were
achieved [59]. Various other studies reported the use of meat and brewery wastewater as a
substrate for α-amylase production [60]. The cascading approach for biomass processing
was applied in a study where dairy wastewater-grown biomass (with 22% lipids and 38%
carbohydrates) was subjected to lipid extraction at the first step. At the second step, de-
oiled biomass was acid-hydrolyzed to release the reducing sugars. These reducing sugars
were used for bioethanol production via fermentation by using Saccharomyces cerevisiae [61].

4. Conclusions

The strain Plectonema terebrans BERC10 showed a great potential to grow in varying
nutrient-starved conditions along with maximum resource recovery from urban wastewa-
ter. Additionally, it achieved a remarkable metabolite composition with 46% lipid content,
which indicated the suitability of the strain to become feedstock for biodiesel. The suc-
cessful integration of the cascading biorefinery concept resulted in the efficient recovery
of multiple products with minimal waste production. The complete biotransformation of
the BERC10 biomass into several bioproducts, including high-value pigments (53 mgg−1);
lipid-derived, better quality biodiesel (40–46%); and industrially important α-amylase
enzyme (28 U mL−1) using urban wastewater as a sole growth media, may help to cope
with the restrictions imposed by the high cost involved in the production and downstream
processing of the algal biomass. The wastewater treatment technology by microalgae and
complete valorization of biomass in the biorefinery concept still have many challenges
that include cost, higher contamination risk, and inefficient downstream processing. So,
the ability of microalgae to grow in harsh outdoor conditions and its potential to remove
wastewater pollutants should be further studied. Moreover, the potential of genetically
modified microalgae may also be investigated to analyze their adaptation under unfavor-
able conditions and removal potential of different pollutants. In addition, techno-economic
and life cycle assessment-based studies will be conducted in the future for the pilot-scale
studies in collaboration with governmental and non-governmental wastewater treatment
agencies to assess the economic and environmental feasibility of employing P. terebrans
BERC10 as a candidate for a wastewater-derived multiproduct biorefinery.
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