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Abstract

The success of the emerging algal fuel industry depends on identifying high-quality species and standardization of their culture protocols for lipid yield
and nutrient removal efficiency. The primary objective of the study was to determine the phycoremediation cum lipid-rich biomass production potential
of five green microalgae isolated from bloomed freshwaters of Kerala. Three experiments were carried out under various nitrogen and phosphorus
content with different N:P. The first experiment included four different treatment levels of N, the second experiment included four different treatment
levels of P, and the third experiment had two different treatment levels of N and P together in BBM. Regular BBM was the control. The parameters
measured were biomass and lipid productivity, fatty acid composition, biodiesel properties, Nitrogen and Phosphorus removal rate, and efficiency.
Chlorolobion braunii appeared productive in N-rich media with high N:P, whereas Monoraphidium contortum in P-rich media with low N:P. Among the
five species tested, the latter shows the highest lipid yield and productivity at low N:P in culture media. The lipid content of four species has
demonstrated high-quality biofuel properties. The optimum nutrient regimes and N:P for Nitrogen Removal and Phosphorus removal rates were found
to be species-specific. Overall, the experiments stand as a model for understanding the influence of variations in N and P concerning N:P on biomass
productivity, lipid content, lipid productivity, and N and P removal rate and efficiency of algae for initial standardization of the culture protocols for
further industrial trials.

Introduction

Increasing the share of renewable energy in the global energy matrix is goal 7 (SDG 7) of the sustainable development goals for 2030 (SDG30) of the
UN [1]. Since the UN started focusing on sustainable development, the share of renewables in the energy sector has been increasing, reaching 13-14%
of the entire energy sector worldwide today. But fossil fuels remain 82% of global primary energy needs, causing 86% of total CO, emissions globally
[2]. However, the development, which is rooted in a circular economy, depending on the extent of utilization of renewable resources for energy needs of
human developmental progress [3], can only be sustainable. It is well known that among renewable energy resources, biomass resources are the largest
and most important option for renewable energy. Accordingly, novel biomass resources are essential to achieve more advanced bioeconomic
sustainability [4], dependent on biomass resources for a more stable and viable energy-sustaining economy. Since biomass resources can support
developmental sustainability from multiple perspectives, a new circular bioeconomy concept is emerging, emphasizing biomass resources for various
human needs to attain sustainability.

Bioeconomy integrates circular economy principles and bioeconomic concepts using biobased renewable resources [5] for multiple purposes, including
energy requirements. Therefore, identifying measures for accessible and fast-yielding biomass sources [6], especially lipid-rich biomass, has become
imperative in achieving goal 7 of SDG 30. Microalgae, especially many species of freshwater green microalgae, are well known for their high lipid
content and high biomass yield [7]. The lipid-rich microalgal biomass is fuel grade, suitable for biodiesel manufacture [8] already industrially explored

[9].

In the above context, research on generating microalgal biomass resources is highly significant as a multi-edged technological process. Microalgae
being photosynthetically most efficient (20% better photosynthetic efficiency than terrestrial plants), their culture is the best biological carbon
sequestration process and solar energy capture [10]. Algal culture can be an industrially enabled massive biomass production suitable for several
bioenergy forms such as biodiesel, bioethanol, biobutanol, and biocrude [11]. Still, global algal biomass utilization remains relatively meager because
of the high production cost [12] and many other limitations [13]. However, comparing the benefits of microalgal culture, it has become imperative to
invest in microalgal research for augmenting algal biomass production as an economically feasible industrial process [14]. Growing microalgae in
nutrient-rich wastewater can be a double-edged technology for simultaneously cleaning water and biomass generation [15]. It is also an effective
strategy to lower the cost of production of algal biomass [16].

Algal wastewater culture enables nutrient recovery through helpful biomass [17] and is a tertiary treatment (phycoremediation) of nutrient-rich effluents
[18]. Microalgae may also remove hazardous chemicals or toxins in water [19]. Algal water treatment enables the formation of suitable biomass and
the release of oxygen into the medium of growth [20]. Still, the absence of suitable feedstocks for specific geo-climatic zones and cost-effective
cultivation methods [21] limit indigenous microalgal utilizations for multiple industrial needs. Therefore, finding suitable indigenous microalgal strains
of high-yield and quality biomass [22] and standardizing methods of exploitation of such microalgal wealth [23] remain crucial for advancing algal
technology locally and globally.

In selecting algae for industrial water treatments combined with biomass for biofuel, fast growth rate, and nutrient removal are crucial criteria. The fast
growth rate is frequently positively correlated with a high nutrient removal rate and strain robustness [24]. The rapid growth rate can make up even low
lipid content because the high biomass yield per unit of time can improve the overall biomass performance and compensate for algae's low lipid
productivity [17]. Among the natural environments for searching for fast-growing algae, eutrophic waters can be the most suitable places as the water-
blooming species are often fast-growing [15]. The screening of lipid content and lipid productivity of the alga are significant for assessing the
commercial exploitation of microalgal biomass for biofuel purposes [25-27]. In addition, optimization of growth parameters is also required, especially
in selecting potential local microalgal strains for phycoremediation and biomass production because the effectiveness of phycoremediation is highly
dependent on the species chosen [28] and their growth environment [10].

In the above contexts, a systematic experimental study with five indigenous microalgae collected from the eutrophic freshwater of Kerala was carried
out. The primary objectives of the study included (1) Estimation of the biomass production potential of five green indigenous microalgae of Kerala
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concerning varying nutrient regimes in the Bolds Basal Medium (BBM), (2) Understanding the lipid content and productivity of the species, (3)
Evaluation of the biodiesel feasibility of the lipid content of the species and (4) Assessing the nutrient removal efficiency of the species.

Materials and Methods
Microalgal strains

The five indigenous microalgae used in the present study are Monoraphidium contortum (Thuret) Komarkova-Legnerova 1969 (MK045307.1),
Halochlorella rubescens PJ.L.Dangeard, nom. inval. 1966 (MK106023.1), Coccomyxa simplex Mainx 1928 (MK024328.1), Chlorolobion braunii (Nageli)
Komarek 1979 (OR131025), and Kirchneriella obesa var. contorta Schmidle 1894. The first three species are already molecularly characterized species
kept as pure cultures in the algal repository at the School of Biosciences, Mahatma Gandhi University, Kottayam, Kerala. The remaining two indigenous
microalgae were collected afresh from a bloomed rural pond near the Mahatma Gandhi University Campus in Kottayam District, Kerala, India
(coordinates: 9.659 N, 76.531 E). The first was morphologically and molecularly characterized (OR131025), whereas the second was morphologically
identified per Algae Base (Guiry and Guiry, 2017). All five species' cellular details were obtained using a digital compound microscope (Carl Zeiss, model
Axio Imager M2). Microphotographs were obtained using a digital camera (Axiocam 305) on the microscope. Morphological measurements (n = 30)
were obtained from microphotographs using Zen BLUE 3.6 software. The details are shown in Fig. 1

Molecular Characterization of Algae

A genomic DNA kit (Origin Diagnostics and Research, Kerala) separated the total genomic DNA from the monoculture samples. DNA was extracted
from 1 mL of each alga's pure monoculture according to the isolation kit's technique. Before further investigation, the extracted DNA was kept at minus
20°C in a deep freezer (Samsung, model SRS600NLS, Korea).

Polymerase Chain Reaction and 18SrRNA Gene Sequencing

The amplification and sequencing of PCR products were conducted at Eurofins Genomics Bangalore, India. The 18S rRNA gene region of the isolated
algal DNA samples was amplified and sequenced using the following primers: forward primer: 5CCTGGTTGATCCTGCCAG-3' and reverse primer:
5'TTGATCCTTCTGCAGGTTCA-3". The resulting PCR product had a length of approximately 1500 bp. In each reaction, a total volume of 50 uL was
prepared. This included 25 pL of PCR smart mix, five uL of template DNA, two pL (10 pmol pL - 1) of both the forward and reverse primers, and 16 pL
of sterile distilled water to reach the final Volume. The PCR process consisted of 35 cycles, starting with a 5-minute incubation at 95°C, then
denaturation for 30 seconds, annealing for 45 seconds, extension for 30 seconds, and a final 5-minute termination step [29].To visualize the PCR
products, they were subjected to electrophoresis on a 1.5% agarose gel in 1x Tris-borate-EDTA (TBE) buffer for 1 hour and 30 minutes. The gel was then
stained with ethidium bromide (1%), and the DNA bands were visualized under UV light. A DNA ladder was used as a reference to ensure the correct size
of the amplified DNA. The obtained nucleotide sequences were compared to the sequences in the GenBank nucleotide collection. This comparison was
performed using the Basic Local Alignment Search Tool (BLAST) available at the National Center for Biotechnology Information website
(www.ncbi.nlm.nih.gov).

Experimental design

Three separate experiments were conducted to examine the impact of variations in N:P by varying N or P individually or N and P together in the BBM.
The first experiment examined variations in N:P by varying the amount of N (as NaNO3) in the BBM while maintaining P constant at the BBM level
(increasing N:P). In the second experiment, N:P variations were introduced using varying additions of P (as KH,P0O,) while N was kept constant at the
BBM level (decreasing N:P). The third experiment examined the influence of constant N:P on algal parameters but at varying N and P together in the
BBM. All the experiments were carried out in triplicate. Altogether, four varied treatments were done in the first and second sets of experiments, whereas
only two were done in the third. The details of the three experiments and the treatments at each experiment are given in Table 1.
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Table 1

Concentration of Nitrogen, Phosphorus, and N:P ratio in Experimental
cultures

Experimental trial 1 (Variation in N content at BBM level of P)

Treatments N (ppm) P (ppm) NP

NaNO4 1  BBM1/2N 20.58 53.29 0.85
2 BBM2N 82.32 53.29 3.42
3  BBMS3N 123.48 53.29 5.13
4 BBM4N 164.64 53.29 6.84

Experimental trial 2 (Variation in P at BBM level of N content)

KH,PO, 1 BBM1/2P 41.16 33.32 2.72
2 BBM2P 41.16 93.24 0.98
3 BBM3P 41.16 133.19 0.68
4  BBM4P 41.16 173.14 0.53

Experimental trial 3 (Variation in N, P & K together)

NaNO3 & KH,PO, 1 BBM1/2NP  20.58 33.32 1.47
2  BBM2NP 82.32 93.24 1.95

Control (Normal BBM)

Control — Normal BBM 41.16 53.29 1.71

Experimental conditions

The pH of the culture medium was 7.3, adjusted using 0.1M HCI/NaOH with the support of a pH meter (Hanna HI 1131). The experimental cultures were
maintained under the light intensity of 6000 lux, 16-hour light, and 8-hour dark cycle at 24°C. The cultures were maintained in 1L Erlenmeyer flasks
containing 1000 ml of culture medium. In all cases, at the beginning, approximately 200 mg of wet biomass (measured using an electronic balance -
Sartorius BSA224S-CW) was added to the medium as seed culture. The initial cell densities of algae in the culture media were determined using a
hemocytometer. The initial cell densities for the five different species of algae were 9.9 x 10° (Monoraphidium contortum), 3.57 x 10° (Halochlorella
rubescens), 4.6 x 10° (Coccomyxa simplex), 8.025 x 10° (Chlorolobion braunii), and 10.076 x 10° (Kirchneriella obesa), respectively. All three culture
flasks (triplicate cultures) of treatment for each alga had approximately similar initial cell densities. The cultures received continuous and filtered (0.2
pum PTFE TN Sartorius) aeration through 5mm plastic tubes connected to an air pump (Hailea HAP 80 80L/M 60W). The duration of cultures was
twenty days.

Microalgal growth-assessment

Every third day, the growth rate was measured using a hemocytometer (from 1 ml of media pipetted out after the manual mixing) to ensure normal
growth of the algae and the absence of contamination. The entire biomass of a flask was extracted after 20 days of incubation using an Eppendorf
centrifuge set to 8000 rpm and 20°C for 10 minutes. The N and P content of the supernatant was determined to measure the Nutrient Removal Rate
(NRR) and Nutrient Removal Efficiency (NRE) of each alga. The algal biomass pellet extracted from a flask was cleaned of media components by
rinsing three times in distilled water before freeze-drying with a Lyophilizer (Labogene Scanvac Cool Safe). The freeze-dried biomass was kept at minus
20°C in a deep freezer (Samsung, model SRS600NLS, Korea) until further investigation. The biomass yield was calculated as \percentage increase of
biomass per litre each day, per the formula [30]:

% Increase in Biomass yield of algae (L™ 'day™") =

Final dry weight (mg) x100

Initial dry weight (mg) x Volume of culture(L) x total number of culturing days

The volumetric biomass productivity Pgiomass Of algae was calculated as per the equation [31]
Biomass Productivity (mg I" Tday™") = (X;X7). (tyt;)™"

Where X, and X, were the biomass dry weight concentrations (mg I~ ") on days t, (the starting point of cultivation) and t, (the end point of cultivation),
respectively.
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Measurement of N and P in the medium

Total Phosphorus (TP) was calculated using the Vanadium Molybdate Yellow method per standard guidelines (APHA 1995), and Total Nitrogen (TN)

was measured as nitrate nitrogen using the HANNA (HI 5315) probe. The following formulae were used to compute the removal rate (mg I day™) and
removal efficiency (%) for nutrients [32]

Removal efficiency = C; - Cy/ Cx 100
Removal rate=C; - Cy/ ty — 1o

where C; is the initial concentration (as mg I=) at time (t,), while Cy, is the concentration after time (t.).

Estimation of Lipid content

Bligh and Dyer's method [33] extracted crude lipids from the lyophilized algal biomass. 100 mL of chloroform: methanol (2:1 vol vol™") was added into
1g of lyophilized biomass and was kept for continuous shaking at 150 rpm for four hours in a rotary shaker (RRS-06; Roteck, India). The mixture was
centrifuged at 4000rpm at room temperature for 5 min, and the residual biomass was separated from the extract. The extract was then poured into a
separating funnel, adding 40 mL of distilled water. The bottom layers containing the organic phase were collected into a bottle. The residual biomass
and the oil were kept in a rotary evaporator (Heidolph, model Hei-VAP; Germany) to remove excessive solvent from the lipid. The solvent-free residual
biomass was further subjected to a hot extraction method to collect the remaining lipids. The biomass was placed in a Soxhlet extractor and extracted
with 75 mL of hexane, refluxed under 70°C for two hours. The extracted lipid component was collected and made solvent-free using a rotary evaporator.
Finally, the two extracted lipid components were mixed to get the total lipid content. The percentage of lipids in algae (%) was calculated using the
following Eq. [27]

WeightofLipid(mg)x100

Importanceofsample(mg)

Fatty acid profile

The biochemical composition of total extracted fatty acids was done per AOAC [34] methods using GC-FID analysis with Shimadzu GC-2010 Plus
instrument (Japan). Exactly 50 mg of algal oil was saponified with 2 mL of 0.5 M KOH-CH30H solution, followed by methylation with 1 mL of
Methanolic HCI (as a catalyst) at 55°C for 20 min for obtaining the fatty acid methyl esters (FAMEs). The FAME was extracted from the mixture using 5
mL of heptane. The methylated sample was injected into the GC column (Restek-Stabilwax; polyethylene glycol, 30 m length, 0.25 mm internal
diameter) for the profiling of FAME. The column temperature was programmed to ramp from 100°C for 2.5 min to 240°C. The flame ionization
detector's (FID) temperature was fixed at 250°C. Nitrogen and hydrogen were used as the carrier gases, flowing at 30 and 40 mL per minute,
respectively. The recorded chromatographic data were compared to fatty acid standards with known retention times (Supelco FAME - 37 Mix, Sigma-
Aldrich). Considering the analysis cost, lipids' percentage fatty acid composition was characterized after thoroughly mixing the triplicate samples into a
single composite sample.

Assessment of biodiesel properties

% of lipid in the algae=

Biodiesel quality was estimated using empirical equations from the fatty acid profile, including iodine value (IV g I, 100 g~ oil), saponification value

(SV, mg KOH g~ ), cetane number (CN), degree of unsaturation (DU, wt %), high heating value (HHV, MJ kg - 1), oxidation stability (OS, h), long-chain
saturated factor (LCSF, % wt), cold filter plugging point (CFPP, °C), cloud point (CP, °C), and pour point (PP, °C). Using Egs, (1)—(9) [30, 35]

V=" 254 x Dix Ai) / MWi —1
SV=3’ (560 x Ai) / MWi —2

Di is the number of double bonds in the ith component, Ai is the percentage of each fatty acid, MWi is the component's molecular weight, and 254 is the
atomic weight of the two iodine atoms theoretically added to one double bond.

ON =433 + X5 — 0.225xIV —3

DU=MUFA+2 x PUFA— 4
HHV = 49.43 - 0.041 (SV)- 0:015 (IV)" - 5

 117.9295

(0N} X

+2.5905

where the X = content of linoleic and linolenic acids (Wt%) (O < X < 100).

LCSF = (0.1 x C16:0) + (0.5x C18:0) +(1 +C20:0) + (2 x C24:.0) " —6
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CFPP = (3.1417 x LCSF) -16.477-7
CP = (0.526 x C16)- 4.992-8

PP= (0.571 x C16) — 12.2400-9
Statistical Analysis

GraphPad Prism 5.0 and SPSS version 21 were used for the statistical analysis and data processing. The results are represented as the mean and
standard deviation of three replicates of all the treatments. Percentage is expressed as weight/weight on a dry biomass basis. One-way analysis of
variance (ANOVA) and Tukey post hoc analysis was used to determine significant differences at a 95% confidence interval among the treatments to
compare the differences between media composition and algal species regarding biomass productivity, N and P removal rate, removal efficiency and
lipid composition of different microalgal species.

Result and Discussion

The biomass productivity, lipid content, lipid productivity, N-removal rate (NRR), N-removal efficiency (NRE), P-removal rate (PRR), and P-removal
efficiency (PRE) of five different green algal species concerning varying N:P (0.53 to 6.84) in BBM are found out. The experiments examined variations
in N and P concerning N:P in BBM on biomass productivity, lipid content, lipid productivity, and N and P removal rate and efficiency concerning the five
species of algae. The highest Biomass Productivity (BP), Lipid Yield (LY), and Lipid Productivity (LP) of the five species of algae concerning N or P or N
and P together, and N:P are shown in Table 2. The details of the best NRE, NRR, PRE, and PRR concerning N or P or N and P together, and N:P in BBM by
the five species are shown in Tables 3 and 4, respectively.
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Table 2

The highest Biomass Productivity (BP), Lipid Yield (LY), and Lipid Productivity (LP) of the five species of algae

Algae

Monoraphidium
contortum

Halochlorella
rubescenes

Coccomyxa
simplex

Chlorolobion

braunii

Kirchneriella

obesa

Exp

1

Treatment

BBM &BBM2N

BBM2PBBM3P&BBM4P

BBM &BBM1/2NP

BBM3N

BBM & BBM2P

BBM1/2NP & BBM2NP

BBM1/2N

BBM2P & BBM3P

BBM1/2NP

BBM3N & BBM4N

BBM1/2P

BBM

BBM & BBM2N

BBM

BBM & BBM2NP

N:P

1.71t0
3.42

0.98
to

0.53
1.71

1.47

5.13

1.71
to
0.98

0.85

0.68
to
0.98

1.95

5.13
to
6.84

2.72

1.71

1.71
to
3.42

1.71

1.71
1.47

Biomass
productivity
(BP)

77.69
1.53to
80.72 ¢
1.55

102.22
1.07 to
103.66
4.19

80.72+
1.55t0
83.72 ¢
2.53

105.04+2

82.2+2.03

86.79 +
2.55t0
90.77 +
2.54

7294
2.61

71.1+3.01
t073.18 %
3.02

70.18
2.02

107.62 %
8.02 to
109.23
3.03

109.49 =
4.82

102.18 =
2.02

86+1to
87.09 +
2.01

84+3.61t0
86+1

Treatment

BBM
1/2N

BBM

BBM
1/2NP

BBM
1/2N

BBM to
BBM4P

BBM
1/2NP

BBM
1/2N
BBM4P

BBM
1/2NP
BBM
1/2N

BBM
1/2PtoBBM4P

BBM
1/2NP
BBM
1/2N

BBM
4p
BBM
1/2NP

N:P

0.85

1.71

1.47

0.85

1.71
to
0.53

1.47

0.85

0.65

1.47

0.85

2.72
to
0.53

1.47

0.85

0.53

1.47

Lipid
yield
L)

44.38
+0.81

39.07
+1.58

42.96
+1.75

30.57
+0.82

2541
+1.63
to
26.95
+0.65

30.96
+0.22

32.62
+0.52

34.32
+0.89

26.15
+0.47
to

27.89
+0.45

32.96
+0.22

22.99
+1.16

24.44
+0.66

25.76
+0.86

Treatment

BBM

BBM to
BBM4P

BBM
1/2NP

BBM2N

BBM

BBM
1/2NP

BBM
1/2N
BBM
1/2P
BBM
1/2NP
BBM
1/2N

BBM
1/2P to
BBM
BBM
1/2NP

BBM
&BBM

1/2N
BBM

BBM &
BBM

2NP

N:P

1.71

1.71
to
0.53

1.47
3.42

1.71

1.47

0.85
2.72
1.47

0.85

2.72
to

1.71
1.47

0.85
1.71

1.71

Lipid
productivity
(LP)

31.52+
1.06

30.59+
212 to
31.58+
0.86

35.94+
1.04

onN
o

21.48+
1.05

26.87 +
0.84

21.86+
0.68

19.04
0.99

229+0.74

3414+
1.59

27.49 +
0.44 to
28.64 +
1.39

30.03+
1.01

17.02+
0.55to
1713+
0.86

1713
0.86

w
I+

o—o-
a NN
©onRo S
2
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Table 3

The highest Nitrogen Removal Rate (NRR), Nitrogen Removal Efficiency (NRE) of the five species of algae

Algae

Monoraphidium
contortum

Halochlorella
rubescenes

Coccomyxa simplex

Chlorolobion

braunii

Kirchneriella

obesa

Exp Treatment

1 BBM3N

2 BBM1/2P to

BBM4P

3 BBM2NP

1 BBM2N
&BBM3N

2 BBM1/2P to
BBM4P

3 BBM2NP

1 BBM3N

2 BBM1/2P to
BBM3P

3 BBM

1 BBM2N

2 BBM1/2P to
BBM4P

3 BBM2NP

1 BBM3N
&BBM4N

2 BBM1/2P to
BBM3P

3 BBM2NP

N:P

5.13

2.72to
0.53
1.95

3.42to
5.13

272t
0.53

1.95
5.13

2.72to
0.68

1.71
3.42
2.72to
0.53

1.95

5.13 1o
6.84

2.72t0
0.68

1.95

Nitrogen Removal
Rate (NRR)

3.53+0.19

1.65+0.01
10 1.86+0.08
241+0.74

3.47+0.07103.87+
0.36

1.88101.99+0.7

3.08+0.7
2.91+0.11

1.89+0.01t0 1.97
0.8

1.99+0.06a
3.23+0.26
1.87+0.3102.02
2.05+04
231+0.3810245+
0.62
1.74+0.63t01.94+
0.06

2.28+0.52

Treatment

BBM

1/2N to BBM
BBM1/2P to
BBM

BBM

BBM
BBM1/2P to
BBM3P

BBM

BBM

BBM1/2P to
BBM3P

BBM

BBM

BBM
1/2PtoBBM3P
BBM

1/2NP &BBM
BBM

1/2N to BBM
BBM

BBM
1/2NP to BBM

N:P

0.85to
1.71

1.71

1.71
1.71
2.72to
0.68
1.71
1.71

2.72to
0.68

1.71
1.71
2.72to
0.68

1.47 to
1.71

0.85to
1.71

1.71

1.47 to
1.71

Nitrogen Removal
Efficiency (NRE)

91.09+3.581t094.4+4.83

94.4+4.23

94.4+2.28
96.05+0.19
94.84+0.121t096.34
0.29

96.05+0.19
96.05+0.19

94.84+0.12t096.34 ¢
0.29

96.05+0.38
95.85+0.1
95.08+1.711t096.87 +
0.91

93.45+3.321095.85+0.1

03.88+1.48

93.3+2092

87.95+5.471093.3+6.92
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Table 4
The highest Phosphorus Removal Rate (PRR) and phosphorus Removal Efficiency (PRE) of the five species of algae

Algae Exp Treatment N:P PhosphorusRemoval Treatment N:P Phosphorus Removal
Rate (PRR) Efficiency (PRE)
Monoraphidium 1 BBM1/2N 0.85 2.67+0.15 BBM 0.85 79.33+4.35
contortum
1/2N
2 BBM2P 0.98 2.45+0.15 BBM1/2P 0.85 82.74+0.7
3 BBM2NP 1.95 3.57+0.11 BBM2NP 1.95 84.89+2.63
Halochlorella 1 BBM1/2N 0.85 2.21+0.18 BBM 0.85to 66.35+2.751t0 68.66+ 5.34
rubescenes 6.84
1/2N to
BBM4N
2 BBMto 1.71to 1.94+0.13 BBM1/2P 0.85 80.9+0.12
BBM4P 0.53
3 BBM 1.71 1.94+0.13 BBM 1.47 74.310.68
1/2NP
Coccomyxa simplex 1 BBM1/2N 0.85 1.93+0.05 BBM 0.85 63.99+1.41
1/2N
2 BBM to 1.71to 0.79+0.511t01.03 BBM1/2P 0.85to 37.51+5.531033.53+3.35
BBM4P 0.53 0.09 toBBM 1.71
3 BBM2NP 1.95 0.63+0.07 BBM 1.71 37.51+0.53
Chlorolobion 1 BBM1/2N 0.85 2.57+0.23 BBM1/2N 0.85 76.25+4.78
braunii 2 BBM2P to 0.98 to 2.46+0.071t02.6+0.04 BBM 0.85to0 71.84+541075.39+2.59
BBM4P 0.53 1.71
1/2PtoBBM
3 BBM 1.71 2.15+0.31 BBM 1.71 71.84+10.4
1
Kirchneriella 1 BBM 0.85to 1.97+0.1t02.05+0.16 BBM 0.85to 57.29+1.06 t0 68.72 + 5.43
1.71 6.84
obesa 1/2N to BBM 1/2N to
BBM4N
2 BBM2P to 0.98 to 2.37+0.21t02.83 ¢ BBM1/2P 0.85 94.19+0.75
BBM4P 0.53 0.25
3 BBM1/2NP to 1.95t0 1.95+0.05t02.05+ BBM 1.95 95.84+0.56
BBM 1.71 0.16
1/2NP

Biomass productivity at varying N and P regimes in BBM

The details of biomass productivity of the five different species at varying treatments of the three experiments are given in Supplementary Table 1. The
regular BBM was the control in all three experiments. Figure 2a, b, and ¢ demonstrate the responses of the five species to the diverse treatments in the
three experiments.

Figure 2a shows the biomass productivity of the five species at increasing N:P from half the level to four times N in BBM, causing an increase in N:P in
BBM. All the algae showed unique responses in biomass productivity to the varying N regimes in BBM. In general, the biomass productivity of these
species at varying N regimes in BBM was significantly different from each other except for Chlorolobion braunii and Halochlorella rubescens at specific
treatments (Supplementary Table 1). The alga Coccomyxa simplex showed its highest biomass productivity at half the level of N, whereas Kirchneriella
obesa showed its lowest at this level. However, in both of them, biomass productivity remained the same as that of the control at all other treatments.
Halochlorella rubescens showed a significant increase in productivity compared to the control, up to three times N in BBM. In contrast, Monoraphidium
contortum showed a similar increase in productivity, up to only two times N in BBM. Chlorolobion braunii showed a significant increase in its
productivity from the control at 3 to 4 times N in BBM.

Figure 2b demonstrates the biomass productivity of the five species from half the BBM level to four times P (KH,PO,) in BBM, causing a decrease in
N:P in BBM. In general, responses in productivity of the five algae to P variations in BBM were also unique. While Chlorolobion brauniiand Coccomyxa
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simplex significantly increased biomass productivity compared to control at half the level of P in the BBM, all the other species significantly decreased
biomass productivity at the same treatment.

In Chlorolobion braunii, the productivity decreased significantly from control up to 2 times P in BBM but remained constant afterward. In Coccomyxa
simplex, the biomass productivity remained the same as that of control till three times P and then went significantly lower than control at four times P
in BBM. In Halochlorella rubiscens, biomass productivity was significantly lower than control from two to 4 times P in BBM. Kirchneriella obesa
biomass productivity was significantly lower than control in all the consecutive higher P treatments. However, biomass productivity of Monoraphidium
contortum increased significantly from half the level of P to 2 times P in BBM and remained the same up to 4 times P in BBM. Thus, it became clear
that Monoraphidium contortum is a productive green alga suitable for P-rich media with an N:P lower than BBM's.

Figure 2c shows the biomass productivity of the five species at two varied N and P together treatments in BBM while N:P remains constant. Like the
other two experiments, all species' biomass productivity was unique at varying amounts of N and P, keeping N:P the same in the medium. While
Kirchneriella obesa and Chlorolobion brauniihad their productivity significantly lower than the control at half the level of N and P together in BBM, the
others had their productivity same as that of the control at this treatment. In the second treatment of N and P together at two times that of BBM, the
productivity of Kirchneriella obesa was the same as that of control, whereas that of Halochlorella rubescens was significantly higher than that of
control. However, productivity was substantially lower in all the other three species than the control at this second treatment.

Overall, the biomass productivity of Chlorolobion braunii (highest productivity of 109.23mg I day™' at 3-4N in BBM) stands significantly higher than all
the other algae at all the tested concentrations of N in BBM, revealing it as a productive green alga suitable for N-rich growth media with a broad
increase in N:P (0.85 to 6.84). On the other hand, the biomass productivity of Monoraphidium contortum (highest productivity of 103.66mg I day™ at
2-4P in BBM) stands significantly higher than the other algae at high concentrations of P in BBM, revealing it is a productive species suitable for P-rich
growth media with a narrow range of low N:P (0.53 to 0.98). However, the biomass productivity of Halochlorella rubescens (highest productivity of
90.77mg I"" day™) stands significantly higher than all others at two times N and P in BBM (N:P = that of BBM).

In general, green algal growth and yield are related to the total amount of N or P in the medium [36], and a low N:P ratio (lower than that of BBM) is
considered unfavorable for the growth of green algae [37]. In the current experimental study, low N:P could be created by increasing P in the BBM or
decreasing N in the BBM while keeping P constant. Accordingly, in the current study, Monoraphidium contortum showed significantly higher biomass
productivity at a low N:P (0.98 to 0.53) by increasing P in the medium (2-4 times KH,PO, in the BBM). The P content in BBM is 0.053 g/L, and BBM

with 2-4 times P (KH,PO,) in the medium is 0.093 to 0.173 gL™". In the current study, Monoraphidium contortum showed a significant increase in

biomass productivity and a rise in P in medium from 0.093 gL t0 0.173 gL™.

In contrast, its biomass productivity decreased significantly along with a decrease in P content at 0.053 gL' (BBM level) to 0.033 gL' (half the P in
BBM) in the medium. Dhup et al. (2017) [38] observed a decline in the growth of Monoraphidium contortum at 0.1 gL' P. In contrast, in the current
study, a decrease in productivity was observed for the species at 0.053 gL™ P only. However, an increase in growth of the species at P content at 0.093
(two times KH,PO, in BBM) for this species is found while keeping N at the BBM level in the medium. Moreover, the species showed no significant
difference in productivity at higher N and P together in BBM. Thus, it became clear that P in the medium positively influences this species' growth.
Therefore, Monoraphidium contortum may be suitable for treating P-rich waste waters. However, the optimum P regime needs to be standardized
through further experimentation.

Overall, the biomass productivity of all five algae was unique in the BBM and showed individual responses to variations in N:P concerning N and P.
Therefore, it may be concluded that specific N:P and the amount of N or P in the medium are decisive to the productivity of each algal species in a
growth media. The primary significance of the current experiment is that it enabled simultaneous identification of the specific influence of N:P and N
and P content on the growth and productivity of five species by adding varying amounts of N or P and N and P together into growth media. Thus, the
current study emerged as a model experiment to identify the optimum nutrient requirement of indigenous species and to check whether they are
suitable for p-rich or N-rich wastewaters.

The positive response of algae to low N in the medium is attributed to a lack of initial lag phase [39] in the growth cycle of such species of algae. In the
present experiment with five indigenous species, Coccomyxa simplex is identified as such a species. In laboratory culture studies, limiting light
availability for individual cells may affect growth above a critical culture density [40]. However, the difference in cell size of specific algal species
determines their specific limit to light from high population density in the cultures. Accordingly, in the present experiment, light limitation on biomass
productivity was observed for large cell-sized Halochlorella rubescens at three times N in the medium. In contrast, light limitation on biomass
productivity of small cell-sized Chlorolobion braunii did not arise up to 4 times N in the growth medium.

According to Li et al. (2008) [40], sodium nitrate concentrations above ten mM in the media are toxic to green microalgae. Our experiments have shown
that all algae except Halochlorella rubescens and Monoraphidium contortum are nitrate-tolerant species capable of tolerating Sodium nitrate content
up to about 12 mM in the media. After all, their productivity remained the same at 3 to 4 times N in the BBM. In contrast, Halochlorella rubescens and
Monoraphidium contortum are observed as nitrate-sensitive species because their growth or biomass productivity at three times N was significantly
lower than that at two times N (10 mM) in the growth media. Dhup and Dhawan (2014) [41] also observed the Nitrate sensitivity of Monoraphidium
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spp. in their experiment. A decrease in the growth and productivity of algae at high Nitrate content in growth media can be due to an increase in nitrate
reductase activity, which enhances the production of nitrite and ammonia that are accumulated in vivo [42].

According to [36], an N:P above five or more is favorable for the growth of microalga Coelastrum morus. In contrast, in the current study, a higher N:P, up
to 6.84, is advantageous for Chlorolobion braunii. In comparison, P-varied treatments enabled us to show that Monoraphidium contortum and
Coccomyxa simplex have the potential to grow at shallow N:P (0.98). Thus, The current experiments helped us explain how N:P concerning N or P in the
growth media is significant to specific algal biomass productivity in the growth media, which is essential to utilize them for the phycoremediation of
specific industrial wastewaters.

The productivity of Chlorolobion braunii (109.23 +3.03 mg I day™ at four-times N in BBM), Halochlorella rubescens (105.04 + 2 mg I day™ at three-
times N in BBM) and Monoraphidium contortum (103 +2.01mg I’ d™ at two to four-times P in BBM) discovered in the current study is higher than that
of some other indigenous productive species of green microalgae previously reported from eutrophic waters of Kerala [25, 30].

Lipid yield and productivity

One of the most significant goals of the current investigation was to assess the lipid yield and productivity of the five species of algae under varied
nutrient regimes of N and P concerning N:P ratios in the BBM. The details of the lipid yield and lipid productivity of the five species in all three
experiments and the varied treatments are shown in Supplementary Table 2. Figure 3 and Fig. 4 depict specific trends in lipid yield and lipid productivity
of the five species, respectively, concerning variations in N, P, and N:P. Since lipid productivity is the product of biomass productivity and lipid yield, it
also varies in species per biomass productivity. Accordingly, the lipid productivity of all the species was unique, with significant differences between
them at all the treatments.

In the first experiment of N-varied treatments, all five species showed significantly higher lipid yield at the first treatment of half the level of N in BBM
than the control and all the other treatments. The exciting trend was decreased lipid yield and increased N or N:P. However, the highest lipid productivity
among all the five species of algae was shown by Chlorolobion braunii at half the N level (0.85 N:P) in BBM. The other species showed their specific
productivity lower than that of Chlorolobion brauinii at all the other treatments. Kirchneriella obesa showed the lowest productivity among all species at
all the treatments.

In the second experiment of P-varied treatments, the five algal species showed unique lipid yield responses to each tested level of P in the BBM. Among
all the species and all the treatments, Monoraphidium contortum showed the highest lipid yield at the control. In contrast, Kirchineriella obesa showed
the lowest yield at two times P in BBM. In the P-varied experimental treatments, all the algae showed lipid productivity per each algae's biomass
productivity. Accordingly, Monoraphidium contortum showed the highest lipid productivity at the half level of B, two times B, and four times P in BBM
without any significant difference in lipid productivity between these treatments. However, Kircheriella obesa showed the lowest lipid productivity at
four times P in BBM.

In the third experiment of N and P together treatments in BBM, all five species showed significantly higher lipid yield in the first treatment of half the
level of N and P in BBM than the control and at all other treatments.

As in the previous experiments of individual N treatments, all the species showed their highest lipid yield at half the N and P together treatments. In this
experimental treatment, Monoraphidium contortum showed significantly higher lipid yield and productivity than all other species at half N and P in
BBM. Similarly, Kircheneriella obesa showed the lowest lipid yield at two times N and P treatment. However, the lowest lipid productivity among all
species over the different treatments was shown by Cocomyxa simplex at two times N and P in the BBM. Overall, Monoraphidium contortum emerged
as a green alga with the highest lipid yield and productivity at a lower nutrient regime (N or P or N and P together) than the BBM.

The details of lipid productivity for all five species in various treatments of all three experiments are presented in Fig. 4. Indigenous microalgae with
efficient photosynthetic systems are well known for their rapid growth rate and lipid yield compared to traditional plants [43]. Such microalgae with
consistent growth and strong adaptability are to be carefully screened for their protein and lipids content in their commercial applications [44],
especially for phycoremediation cum biomass production. Lipid productivity is the product of biomass productivity and lipid yield; it depends on the
biomass productivity of algae. A decreasing trend of lipid content with an increase in N in the current study was similar to the observation of [40].
Usually, lipid synthesis within algae increases as an adaptation to environmental stress, such as lack of nutrients [45]. Moreover, reducing nitrogen
levels can stimulate lipid production in algae because nitrogen scarcity leads to the buildup of carbon precursors in the form of acetyl-CoA, which
serves as a fundamental building block for synthesizing lipids [46]. Additionally, it is well-known that low N content induces a decline in algal growth
and a shift in cell metabolism, mainly towards lipid accumulation, which can produce more lipids in some algae species [26)].

Unlike the positive influence of a reduction of N on lipid productivity, a decrease in P in the medium didn't stimulate lipid productivity in any of the
studied species in the current study. However, P deprivation induces excessive lipid content in some algae [47, 48]. On the contrary, in the present study,
some species showed a significant increase in lipid content at four times P in the medium than at regular BBM. While excessive P in the medium may
act negatively on biomass productivity, the cell metabolism in such species shifts towards lipid production.
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It may be noted that Monoraphidium contortum, Halochlorella rubescens, and Coccomyxa simplex showed their highest lipid content and lipid
productivity at half N and P together in BBM treatment. It agrees with the observation of [38] that a decrease in P and N below the optimum level can
boost biomass productivity because of better nutrient utilization. It is well known that under nutrient stress, microalgal cells accumulate more cellular
lipids in cells, up to 50 to 70% of the biomass, with neutral lipids (TAGs) making up the most significant proportion of this accumulation [49].

Another factor influencing lipid productivity is the N:P ratio of the medium. All the three species mentioned above showed their highest lipid productivity
at N:P of 1.4, similar to the optimal nutrient regime for achieving the highest lipid yield in Chlorella surukiana [44]. However, N and P content and
proportions may vary significantly for various microalgae species [50]. In the current study, different microalgae species also showed variations in
maximum lipid productivity at varied N:P.

Fatty acid profile of the five species

The fatty acid profile of all five species of algae was carried out at their highest lipid productivity. The details of the same are presented in Table 5. The
fatty acids of the five species of algae studied range from C8:0 to C24:0. The predominant saturated fatty acids are palmitic acid (C16: 0) and stearic
acid (C18: 0) in these species. However, oleic acid (C18:1) was these algae's primary monounsaturated fatty acid. The major polyunsaturated fatty
acids in these microalgae were linoleic and (C18:2) and linolenic acid (C18:3). The fatty acids such as C8:0, C15:0, C20:0, C21:0, C22:0, C24:0, C16:1,
C18:3n6, C20:5n3 were present only in some of the selected species (Table 5).

Table 5
Fatty acid profile (% of total FAME) of five algae at its highest lipid-productivity

Fatty Acid  Monoraphidium contortum  Halochlorella rubescenes  Coccomyxa simplex  Chlorolobion  Kirchneriella
braunii obesa
C8:0 ND 0.138528 ND 0.014857 ND
C12:.0 0.179802 0.190476 0.541272 0.148566 0.125122
C14:.0 0.988912 0.519481 1.623816 0.282276 0.569999
C15:.0 0.25472 ND 0.383401 0.074283 0.375365
C16:0 27.58466 45.78355 32.00271 23.78547 24.09287
C17:0 0.269703 0.380952 0.473613 ND 0.236341
C18:0 4.225352 2.233766 2.796572 2.124499 2.113166
C20:0 ND 0.363636 0.270636 ND ND
C21:0 0.25472 ND ND ND ND
C22:0 0.149835 ND ND 0.267419 0.597803
C24:0 0.674258 ND 1.082544 0.267419 ND
> % SFA 34.582 49.61 39.175 26.965 28.111
C16:1 0.869044 0.225108 ND ND 5.755596
C18:1n9t 41.62421 25.78355 30.35634 50.79483 45.04379
C20:1 ND 0.658009 0.721696 1.188531 1.014876
C22:1n9 0.25472 0.900433 1.195309 0.125122
> % MUFA  42.748 27.567 32.273 51.983 51.939
C18:2n6¢C 11.13275 13.43723 9.855661 7.829446 8.563882
C18:3n3 11.01289 9.264069 18.49346 13.2224 11.20534
C18:3n6 0.344621 0.121212 0.202977 ND 0.180731
C20:5n3 0.179802 ND ND ND ND
> % PUFA  22.67 22.823 28.552 21.052 19.95
n-6 11.47737 13.55844 10.05864 7.829446 8.744613
n-3 11.19269 9.264069 18.49346 13.2224 11.20534
n-6/n-3 1.025435 1.463551 0.543902 0.592135 0.780397
ND not detected
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The total saturated fatty acid (SFA) ranged from 26.96 (Chlorolobion braunii at half the N in BBM) to 49.61% (Halochlorella rubescens at half the N &P
in BBM). The monounsaturated fatty acid (MUFA) content ranged from 27.567% (Halochlorella rubescens at half the N & P in BBM) to 51.983%
(Chlorolobion braunii at half the N in BBM). The polyunsaturated fatty acids (PUFA) in these algae ranged from 19.95 (Kirchneriella obesa at 4 N in
BBM) to 28.55% (Coccomyxa simplex at half the N &P in BBM). Therefore, among the tested microalgal species, Chlorolobion braunii (50.79%),
Kirchneriella obesa (45.04%), and Monoraphidium contortum (41.62%) showed the highest oleic acid content, making it the most suitable for the
production of good quality biodiesel.

Biodiesel properties of the algal lipids

In evaluating the caliber of the five microalgae species for their biodiesel quality, empirical equations were used to estimate the same from their
respective fatty acid profile (Table 6). All five species studied showed the Cetane Number (CN) ranging from 51.31 to 55.65 and matched the American
standard for biodiesel biodiesel (ASTM D6751) and European biodiesel standards (EN14214).

Fuel properties of biodiesel produced from the ﬁveTglt')e|Zn6microalgal species at its highest lipid-productivity
Sl Biodiesel quality Monoraphidium Halochlorella Coccomyxa Chlorolobion  Kirchneriella
No parameter contortum rubescenes simplex
braunii obesa

1 IV (g 1, 100g™ ) 90.268 74.784 97.983 97.018 93.868
2 SV (mgKOH g™V 204.668 208.48 206.039 203.386 204.915
3 CN 52.657 55.654 50.744 51.307 51.815

DU (wt%) 88.088 73.212 89.378 94.087 91.839
5 HHV (MJ kg™ ) 40.424 40.338 40.362 40.449 40.409
6 0S (h) 7.792 7.758 6.721 8.192 8.502
7 LCSF (wt%) 6.954 6.059 7.034 4.377 4.363
8 CFPP (°C) 5.37 2.558 5.623 -2.727 -2.771
9 CP (°C) 9.518 19.09 11.841 7.519 7.681
10 PP (°C) 3.511 13.902 6.034 1.342 1.517

IV iodine value, SV saponification value, CN cetane number, DU degree of unsaturation, HHV higher heating value, OS oxidative stability, LCSF long-
chain saturation factor, CFPP cold filter plugging point, CP cloud point, PP pour point.

lodine value (IV), which measures the total unsaturation within a mixture of fatty acids, is another crucial data. The calculated IV for five species ranged
from 74.78 to 97.983; all showed < 120 that matched EN14214. All five microalgal species had higher heating value (HHV), within the predetermined
range (40.26 to 42.65 MJ kg™ ") for ordinary biodiesel, which is typically 7-12% less than that of diesel made from petroleum (46 MJ kg™ ).

For fuel applications requiring low temperatures, the cloud point (CP), pour point (PP), and cold filter plugging point (CFPP) are crucial. While the PP is
the temperature at which the wax-formed fuel can flow, the CP is the temperature at which a cloud of wax crystals initially forms when the fuel is
cooled. All species except Halochlorella rubescens (CP = 19.09°C) exhibited CP values ranging between 7.52 to 11.841°C and PP values 1.342 to
13.902°C, matching the ASTM D6751 standard. The CFPP values ranged from -2.727 to 5.62°C, demonstrating the suitability of biodiesel for all five
algae at low temperatures.

The EN 14214 set the oxidative stability as anything above six h. All species recorded 6.72 to 8.502 h oxidative stability in the present case. The
saponification value, which measures the average molecular weight of all the fatty acids in algal lipids, ranged from 203.386 to 208.48. In the present
study, the Degree of Unsaturation (DU) value ranges from 73.212 to 94.09%, making it suitable for long-term storage.

The fatty acid profile is an essential criterion for selecting a microalgal species for phycoremediation cum biomass utilization as a nutraceutical or
biofuel resource [51]. Chlorophyceaen algal species predominantly have C16:0, C18:0, C18:1n9c, and C18:2n6 fatty acids [26, 52]. The unsaturated fatty
acid content generally makes microalgae extremely stress-responsive to flourish in nutrient-deficient environments. Unsaturated fatty acid content also
enables them to have improved membrane fluidity for thriving under adverse conditions [53].

In general, an ideal balance of saturated and unsaturated FAMEs in cells determines the good biodiesel quality of microalgae. The primary fatty acids
determining the fuel qualities are palmitic, oleic, and linoleic acids [54], present in the desired proportion in all the studied algae. Higher concentrations
of C16 and C18 fatty acids are advantageous for biodiesel quality [55], and the findings of this study met the requirement for high-quality biodiesel.
Usually, vegetable oils with a high oleic acid content have a decent fuel balance, including ignition quality, combustion heat, cold filter plugging point
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(CFPP), oxidative stability, viscosity, and lubricity [56]. The highest oleic acid content was found in Chlorolobion braunii (50.79%), followed by
Kirchneriella obesa (45.04%), and the least oleic acid was found in Halochlorella rubiscens (25.78%)

Additionally, the fatty acid composition of algal oil determines biodiesel quality, such as oxidation stability, cetane rating, melting point, viscosity, and
fluidity at low temperatures. The low level of polyunsaturated fatty acids and a large number of saturated fatty acids act as crucial markers of biodiesel
quality because unsaturated bonds decrease the oxidative stability of biodiesel [57]. However, oils with high unsaturated fatty acid content and a low
melting point are preferred in biodiesel production for low-temperature uses [58]. The CN is a frequently used indicator for determining fuel quality
because it is decisive in the combustion behaviour of the fuel's readiness to self-ignite when injected [35]. The minimal CN levels for biodiesel are 47.0
and 51.0, respectively, per ASTM D6751 and EN14214 standards. Therefore, the lipids of all five algae with above 51 CN satisfy such criteria for
biofuels. However, Halochlorella rubescens did not meet the CP limit of -3 to 12 set by EN 14214 among the five algae tested.

The NRR, PRR, NRE, and PRE of the five microalgae

The details of the NRR and NRE of all five algae are given in Supplementary Table 3, whereas PRR and PRE are given in Supplementary Table 4. The
trends in their responses concerning NRR are shown in Fig. 5a, b, and c, whereas PRR is demonstrated in Fig. 6a, b, and c, respectively. Overall, the NRR,
PRR, NRE, and PRE of the five species of green algae concerning variations in N or P and N and P together enabled us to check the potentials of five
indigenous green algae in response to different regimes of N, P concerning N:P in the growth medium. The details of the best NRE, NRR, PRE, and PRR
concerning N or P or N and P together, and N:P in BBM by the five species are shown in Tables 3 and 4, respectively.

The NRE and NRR of the five microalgae

In the first experimental treatments of variations of N in BBM, keeping P constant, all five species showed their highest NRE at the control (93.3 to
96.05%) without any significant difference among them. At half the N in the BBM (N:P = 0.85), the NRE was significantly lower than the control in
Halochlorella rubescens. The NRE of all other species remained the same as that of the control at half the level of N in the medium. However, in all
species, at all levels of increase of N in the BBM (N:P 1.71 to 6.84), the NRE remained lower than that of the control. In the second experiment of varying
P keeping N constant in the BBM, the NRE of all species at half the P in BBM (N:P = 2.72) remained the same as that of the control. However, on
increasing P in the BBM (N:P 1.71 to 0.53), the NRE of all the species remained the same or decreased only. In the third experiment, at half the level of N
and P together in BBM (N:P = 1.71), the NRE of the three species significantly decreased from that of the control. However, in Chlorolobion braunii and
Kirchneriella obesa, the NRE remained the same as that of the control during this treatment. The NRE of all species showed a significant decrease from
that of the control at two times N and P in BBM (N:P =1.71).

In general, in all species, the NRR at half the N in BBM was significantly lower than that at the control (Fig. 5a). On increasing N in the BBM,
Halochlorella rubiscens, Monoraphidium contortum and Cocomyxa simplex showed a significant increase in NRR from the control (regular BBM) up to
3 times Nin BBM (N:P 1.71 to 5.13); but at 4N (N:P = 6.84), the NRR decreased significantly from that of the control (Fig. 5a). In Chlorolobion brauniithe
NRR increased significantly from the control up to 2N (N:P = 3.42), and it remained the same at 3N. However, its NRR significantly decreased at 4N, like
the first three species. In Kirchneriella obesa, NRR remained the same at control and 2N but increased significantly at 3N but remained the same on
further increase up to 4N. Overall, the highest NRR was exhibited by Halochlorella rubescens (3.87mg I'' day™) and Monoraphidium contortum (3.53
mg I"day™") at 123.48 ppm N without any significant difference in NRR by the two species.

In the second experimental condition of varying P in the regular BBM (Fig. 5b) keeping N constant, except Coccomyxa simplex and Kirchneriella obesa,
all the other three species showed the same NRR at all variations of P in BBM. However, in Coccomyxa simplex and Kirchneriella obesa, NRR remained
the same up to 3 times P in BBM, significantly decreasing at four times P in the medium.

In the third experiment of varying N and P together in BBM without a change in N:P, the NRR of all species at half the N and P in BBM was significantly
lower than that of the control. At an increase of NP up to two times the level of BBM (Fig. 5c), the NRR of all algae except Coccomyxa simplex and
Chlorolobion braunii significantly increased from that of the control. In Coccomyxa simplex, NRR decreased significantly, whereas in Chlorolobion
braunii, NRR remained the same without any significant difference from control in two times N and P in BBM.

All species demonstrated the highest NRE at the control and half the N in BBM without any significant difference between the treatments. Moreover, at
a constant level of phosphorus (P), NRR and NRE of the five tested species varied based on the nitrogen (N) content and nitrogen-to-phosphorus (N:P)
ratio in the medium.

It is well-known that at low nitrogen content in medium, NRE is almost complete [59]. This is because microalgae utilize both nitrogen and phosphorus
together for their growth. Naturally, an excessive supply of one major nutrient element exhausts the other essential nutrients from the growth medium,
leading to no further change in NRE [60].

The significance of N:P on algal growth and nutrient removal was first proposed by Redfield (1958) [61], and the optimal N:P for marine phytoplankton
per Redfield is 16 mol-N/mol-P. Subsequent studies reveal that the optimal N:P of specific microalgae varies according to the species and may also be
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influenced by the particular conditions of cultivation depending on their adaptation to culture conditions [62]. Although N:P has no influence on NRR by
certain species [36], the present study revealed that an increase in N:P positively influences the NRR of microalgae, and the effect is species-specific.

In the present study, the optimum N:P for the maximum NRR was 5.13 in Halochlorella rubiscens, Monoraphidium contortum, and Cocomyxa simplex.
However, the optimum N:P for Chlorolobion brauniiwas 3.42, and for Kirchneriella obesa, 6.84. The N:P ratio significantly impacts nutrient usage by
microalgae, the optimum of which depends on the species [63]. However, according to Dhup and Dhawan (2014) [41], the highest nutrient uptake rate is
associated with an N:P ratio of 0.153 for certain algae.

PRE and PRR of the five microalgae

In N treatments, Monoraphidium contortum, Chlorolobion braunii,and Coccomyxa simplex showed significantly higher PRE at half the level of N in the
BBM than at all other treatments. Halochlorella rubescens and Kirchineriella obesa PRE were the same as the control at half the level of N in BBM.
However, towards an increase of N in the BBM, the PRE remained the same as that of the control. In general, Monoraphidium contortum (with PRE 62~
79%) and Chlorolobion braunii (with PRE 66-76%) are found to be the best among the five species for removal of P from N-rich media. In P treatments,
Monoraphidium contortum, Halochlorella rubescens, and Kirchneriella obesa showed significantly higher PRE at half the level of P in the BBM than all
other treatments. In contrast, the PRE of Chlorolobion brauniiand Coccomyxa simplex remained equal to that of control. However, in all species, the
PRE remained lower than that of the control towards an increase in P in BBM.

In N and P together treatments, the PRE of the three species, Monoraphidium contortum, Chlorolobion braunii,and Coccomyxa simplex, was
significantly lower than that of the control, whereas that of Halochlorella rubescens and Kirchneriella obesa remained same as that of control. The PRE
of all species except Monoraphidium contortum showed a significant decrease from that of the control at two times N and P in BBM. Monoraphidium
contortum showed a significantly higher PRE than the control at two times N and P together in BBM.

In the N treatments, all the species except Kirchneriella obesa showed significantly higher PRR than the control at half the level of N in BBM. In contrast,
Kirchneriella obesa remained the same as that of control. However, on increasing N in the BBM, the PRR responses of all the species remained the
same as that of the control or decreased only (Fig. 6a).

In the P treatments, the different species showed a unique increase in PRR. The algae Halochlorella rubescens and Kirchneriella obesa showed a rise in
PRR to 3P in BBM. In contrast, Monoraphidium contortum and Chlorolobion braunii showed a surge in PRR up to 2 P in BBM. The PRR of Coccomyxa
simplex remained the same as that of control without any significant difference up to 4 times P in BBM (Fig. 6b). It may be noted that each species is
suited best for growth media of different phosphorus regimes. Chlorolobion brauniihas its best PRR (2.5 mg I day™ PRR at 0.98 N:P), Kirchneriella
obesa (2.83 mg I'" day™ at 0.68 N:P) and Monoraphidium contortum (2.45 mg I'' day™ at 0.98 N:P).

In the N and P together treatment, PRR decreased significantly for all the species from the control in the first treatment of half the level of N and P in
BBM; however, on increasing N and P together to two times, PRR either remained the same (Kirchneriella obesa) or decreased (Coccomyxa simplex,
Chlorolobion braunii & Halochlorella rubescens). However, in Monoraphidium contortum, PRR increased exponentially to 3.57 mg | day™ at the third
treatment (N:P = 1.71) (Fig. 6c).

Among the five species, only Kirchneriella obesa showed increased PRR and a decrease in N in the medium. A similar response is known earlier [41] in
Monoraphidium contortum. [38] PRE decreases with increased P for all microalgae species, but the tolerance limit is species-specific. According to the
author, an elevated phosphorus content usually harms the culture, hindering algal growth because of inefficient resource utilization. The nutrient
removal efficiency declines because the cells avoid uptake beyond a certain threshold. In the present study, PRR increased along with P in the medium,
but the response was species-specific. A similar demonstration of an increase in PRR, along with an increase in phosphorus in the media, is known [36].

Conclusion

The present experiments with five microalgae concerning changes in N, B and NP levels in the medium and consequent variations in N:P ratios enabled
the primary screening of their optimum culture protocols for maximum biomass and lipid yield and their best nitrogen and phosphorus removal
efficiency. All these algae exhibited distinct species-specific responses to each alteration in N or P variations and the consequent changes in N:P ratios
in the growth media. In general, the nutrient removal rate and biomass productivity of all the tested five algae appear suitable for further undergoing an
industrial trial with them for phycoremediation in a range of eutrophic scenarios; some for N-rich media, some others for P-rich or NP-rich situations at
varying N:P ratios. Chlorolobion braunii and Monoraphidium contortum are identified as suitable for N-rich and P-rich conditions, respectively.
Halochlorella rubescens and Kirchneriella obesa are ideal for nutrient removals; the former is for N removal from N-rich media, whereas the latter is for
P removal from P-rich media. Monoraphidiun contortumis a promising species for lipid yield and productivity. Most of the species' lipid content is
excellent for biofuel conversions. Identifying the industrial prospects of such species is crucial to conserving them for future growth of algal technology
for various bioindustries. In this context, the present preliminary experimental screening model is highly significant as it enables simultaneous
identification of algae for multiple industrial uses within a limited time and using limited resources.
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Figure 1

Microphotographs of five green algae. (a) Monoraphidium contortum (b) Kirchneriella obesa (c) Chlorolobion braunii (d) Coccomyxa simplex (e)
Halochlorella rubescens
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Figure 2

The trend in biomass productivity of five microalgae on the 20" day of the cultivation. The values are mean * standard deviation (n = 3) (a) Five
different N levels. (b) Five different P levels. (c) Three different N and P levels.
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Figure 3

The trend in lipid yield of five microalgae on the 20t day of the cultivation. The values are mean + standard deviation (n = 3) (a) Five different N levels.
(b) Five different P levels. (c) Three different N and P levels.
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Figure 4

Lipid productivity of the five algae on the 20™ day of the cultivation. The values are mean # standard deviation (n = 3) (a) Five different N levels. (b)
Five different P levels. (c) Three different N and P levels. The different small superscript letters on each bar with the same pattern indicate significant
differences between samples at 5% level, p < 0.05; data are shown as mean =+ S.D.;n =3
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Figure 5

Nitrogen Removal Rate of the five algae on the 20t day of the cultivation. The values are mean + standard deviation (n = 3) (a) Five different N levels.
(b) Five different P levels. (c) Three different N and P levels.
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Figure 6

Phosphorus Removal Rate of the five algae on the 20" day of the cultivation. The values are mean + standard deviation (n = 3) (a) Five different N
levels. (b) Five different P levels. (c) Three different N and P levels.
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