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Characterization of
Pseudochloris wilhelmii
potential for oil refinery
wastewater remediation and
valuable biomass cogeneration

Maria Blažina1*†, Maja Fafanđel1†, Sunčana Geček2,
Ines Haberle1, Jasminka Klanjšček2, Enis Hrustić 1,
Lana Husinec3, Luka Žilić 1, Ena Pritišanac1 and Tin Klanjscek2

1Ruđer Bošković Institute, Center for Marine Research, Rovinj, Croatia, 2Ruđer Bošković Institute,
Department for Marine and Environmental Research, Zagreb, Croatia, 3INA-INDUSTRIJA NAFTE,
Plc., Central Testing Laboratory, Zagreb, Croatia
The microalgae of the genus Pseudochloris/Picochlorum are characterized by

fast growth, and wide nutrient (type and concentration) and salinity tolerance,

all contributing towards exploration of their use in high-density biomass

production and wastewater bioremediation. In this study, removal of nitrogen

and phosphorus nutrients from oil refinery wastewater was monitored during

growth of the marine eukaryotic microalgae Pseudochloris wilhelmii, with

emphasis on biochemical analyses of its biomass quality to evaluate suitability

for biodiesel production. A series of growth experiments under various nutrient

and light regimes were performed in a temperature range of 20-30°C to

evaluate nutrient removal and biomass growth dependence on temperature.

The highest removal rate of dissolved inorganic nitrogen reached under the

given experimental conditions was 0.823 mmol/(gday) accompanied by the

corresponding biomass productivity of 115.2mg/(Lday). Depending on light and

temperature, the final lipid concentration ranged 181.5 – 319.8 mg/L.

Furthermore, increase in nutrient load decreased the maximum specific

growth rate by 25%, and the maximum specific removal rate of the dissolved

inorganic nitrogen by 19%, whereas the duration of bioremediation process was

nearly doubled. In contrast, constant light exposure expedited the nitrogen

removal, i.e. bioremediation process, by almost 40%, while supporting over

three times higher biomass productivity and the highest maximum specific

growth rate of 0.528 g/(gday). The conditions favoring the highest nitrogen

removal and highest toxicity reduction in oil refinery wastewater are met at 24°

C and 130 µmol phot/(m2s). The highest proportion of carbon-binding to the P.

wilhelmii biomass was noticed under the same conditions, thus indicating them

as the most favorable conditions for hydrocarbon removal as well as for CO2

sequestration. Pseudochloris wilhelmii therefore represents a promising

candidate for oil refinery wastewater remediation and valuable biomass

cogeneration on a large-scale.
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1 psu - practical salinity unit, corresponding to g

dimensionless and equal to ‰
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1 Introduction

Remediation systems of oil refinery wastewaters (ORWW) are

most commonly based on a combination of physicochemical and

biological processes. The biological treatment has a foundation in

bacteria’s ability to degrade dissolved and colloidal organic matter

while transforming and using inorganic nitrogen and phosphorus

as main mineral nutrients present in the ORWW. Since oil refinery

wastewater is rich in ammonium and poor in bioavailable organic

compounds, the ORWW treatment by heterotrophic bacteria

consumes high quantities of added glycerol, phosphorus and

oxygen, increasing the cost of the process. Recently, there has

been a change of the paradigm in the oil refining industry from

heterotrophic towards the autotrophic removal of contaminants in

waste waters (WW) by microalgae, producing lucrative biomass

useful in biofuel production (Maity et al., 2014). However, there are

few algal strains resilient and able to grow in the presence of oil-

related toxic compounds (Jiang et al., 2010). The microalgae of the

genus Pseudochloris/Picochlorum are characterized by fast growth,

and wide nutrient (type and concentration) and salinity tolerance

(Von Alvensleben et al., 2013; Budisǎ et al., 2019; Concas et al.,

2019). Picochlorum atomus showed that salinity had no effect on its

growth performance, and turned out to be a useful agent for

contamination control against some prokaryotes (Von

Alvensleben et al., 2013). In contrast, Pseudochloris wilhelmii

growth varies with salinity, with the fastest growth observed in

the range from 7 psu1 to 21 psu (Budisǎ et al., 2019). Moreover, the

marine picoeukaryotes belonging to Pseudochloris/Picochlorum

genera have demonstrated high lipid content, up to 23% (De la

Vega et al., 2011; Concas et al., 2019), a desired characteristics for

biofuel production. In the study of Concas et al. (2019) the authors

have demonstrated numerous advantages of using P. wilhelmii in

the integrated cogeneration/WW treatment process. Mixing WW

with seawater allows growth in the turbid and darkWW, increasing

the penetration of light through the water column of the treatment

plant reactor. Furthermore, the plants situated at the sea coast use

seawater as a cooling medium offering re-use of the waste energy

within the WW remediation process. Because of its complex

chemical composition, with often high concentrations of toxic

and growth inhibitory compounds, gas and oil refinery

wastewater (ORWW) can represent a challenging medium for
of NaCl / kg water,
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microalgae growth. Several studies tested the effect of ORWW

dilution on the growth performance of different microalgae,

noticing either a drop in biomass concentration with increase in

the ORWW loading up to 50%, or increase in productivity due to

the algae affinity towards increased salinity (Ammar et al., 2018;

Rahman et al., 2020). The ORWW, being rich in nitrogen in the

form of NH+
4 , offers a good medium for P. wilhelmii growth and

lipid accumulation. Besides growth, the form of the present nitrogen

(NH+
4 and NH

−
3 ) can impact the quality of the microalgae biomass,

as well as the protein, lipid and carbohydrate content and their

ratios (Ruiz et al., 2013). Nitrogen compounds contribute to the

toxicity of the effluents, affect pH, and dictate the contamination by

(cyano)bacteria, influencing the tolerance of cultivated microalgae.

In addition to the high concentrations of ammonium, ORWW

contains high concentrations of organic, and inorganic pollutants,

such as petroleum hydrocarbons, mercaptans, polycyclic aromatic

hydrocarbons (PAHs), benzene homologues, crude oil, heavy

metals etc. (Jiang et al., 2010; Blažina et al., 2019).

Multiple studies suggest that some microalgae have high

resilience to, and good remediation capacity of, organic pollutants.

Calderón-Delgado et al. (2019) reported a decrease in phenols’ and

total hydrocarbons’ concentrations in C. vulgaris exposed to 75% of

ORWW and 100% of ORWW. Furthermore, marine diatoms were

reported to successfully reduce concentrations of heavy metals and

other elements harmful to the environment: Ba, Ca, Fe, Mn, Si, As,

Sr, Al, Zn, Ni (Godfrey, 2012; Talebi et al., 2016; Al Ghouti et al.,

2019), in spite the fact that some elements, such as Zn, damage the

photosynthetic apparatus (Öncel et al., 2000). To overcome the

problems of the growth inhibiting effects caused by toxic organic and

inorganic pollutants, several authors have tested a series of ORWW

loadings (e.g. 10 – 50%) for various species, such asNannochloropsis

oculata and Isochrysis galbana (Ammar et al., 2018).

Together with water-saving practices driven by economic

drivers, exploitation of fast-growing, halotolerant microalgae

strains, capable of removing contaminants of emerging concern

from the WW, is of primary interest in bioremediation facilities.

However, there is a gap in knowledge about the microalgae

response towards multiple toxic effects and the way they affect

biomass production and quality.

The primary goal of this study was to explore the capacity of

P. wilhelmii for efficient NH+
4 removal from oil refinery WW and

for the toxicity reduction of WW rich in contaminants of

emerging concern in a microalgae based remediation concept.

Further goal of our research was to evaluate potential for biofuel

production of the microalgae biomass obtained under various
frontiersin.org
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condit ions corresponding to the expected real ist ic

industrial operation.
2 Materials and methods

2.1 Experimental design

Marine microalga Pseudochloris wilhelmii (SAG 55.87) was

obtained from the Culture Collection of Algae at Gottingen

University (SAG) and activated in the saltwater Blue-Green

medium (BG-11). The inoculum culture was grown under the

standard conditions (100 µmol photon/(m2s), 20°C; De la Vega

et al., 2011) and harvested in the early exponential phase. For the

experiments, appropriate volumes of the culture (depending on

optical density measured at l=720 nm i.e. OD720) were

centrifuged for 10 min at 4900 rpm and the biomass pellets

were inoculated into 2.6 L double-walled borosilicate glass

photobioreactors (PBRs) with the initial biomass concentration

set at 30 mg of dry weight (dw) L-1.

The light intensity, light cycle, temperature and pH (via CO2

flux) were controlled by the SCADA (Supervisory Control And

Data Acquisition) system (Figure 1). Air or air/CO2 mixture

(97:3 v/v) were injected at the bottom of the reactor through a

glass tube. The pH of the culture was maintained at 8.2 during

the experiments (regulated additionally by 1 M NaHCO3 when

necessary). The reactors were illuminated with LED warm white

light at illumination of 80 µmol photon/(m2s) and 130 µmol

photon/(m2s). The growth medium in the PBRs was untreated

oil refinery wastewater mixed with aged seawater in 1:1 (vol:vol)

(both prefiltered on 0.2 µm, Millipore) in order to obtain

optimum salinity of 19 psu for P. wilhelmii growth.

Furthermore, the process of aging promotes decrease of labile
Frontiers in Marine Science 03
dissolved organic carbon, and level of inorganic N and P below

the detection limit of spectrophotometric determination, while

preserving the presence of trace elements needed for microalgae

growth. Medium was enriched by addition of KH2PO4 stock

solution (100 µmol/L) to achieve initial nutrient ratio N:P=8.

2.1.1 Growth analysis and estimation of kinetic
parameters

A series of growth experiments on biomass production and

nutrient consumption rate was run at 20°C, 24°C, 26°C and 30°C

to assess the effect of temperature (T) at 12:12 light/dark regime

(standard regime) and 130 µmol phot/(m2s). Additionally, (i)

growth experiment was conducted at 26°C to assess effects of

increased (2x) nitrogen (N) - load (2.6 mmol/l) and prolonged

(2x) light exposure period (24 h) on biomass production and

dissolved inorganic nitrogen (DIN)-removal; and (ii) growth

experiment was performed to test the effect of lower light

intensity [80 µmol phot/(m2s)] at 24°C and 30°C (12:12 light/

dark regime). The biomass concentration was estimated using

optical density (OD720) as a proxy. All the measurements have

been performed in triplicates, and the average values were used

to present the results. The eventual outlier values among

triplicates were omitted, after being detected by Modified z-

score method (Iglewicz and Hoaglin, 1993)

The maximum growth rates were calculated from the

obtained data using the exponential growth equation (Eq. 1)

(Lim et al., 2012):

m = ln (Xn=Xn−1)
tn−tn−1

(1)

where X represents biomass concentration calculated from

OD720 measurements and t represents time in days since the

start of each batch. The maximum growth rate was determined

from three consecutive readings that yielded the maximum slope

on the biomass-time plot. Confidence intervals for biomass
FIGURE 1

A scheme of 4 photobioreactors (PBR). Temperature, air/CO2 bubbling, pH, light intensity and diurnal cycle are controlled by SCADA system
(Blažina et al., 2019).
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measurements were calculated from their triplicate

measurements assuming normal population distributions of

the means. Analogous procedure was applied for calculation of

maximum specific nutrient DIN- removal (Mennaa et al., 2017).
2.2 Nutrient analysis

Aliquots (50 mL) were sampled for dissolved ammonia (NH+
4 ),

nitrite (NO−
2 ), nitrate (NO−

3 ) and orthophosphate (PO3−
4 ) in the

PBRs. Samples were centrifuged (10 min, 5000 rpm) and the

supernatant was immediately analyzed, following the procedures

described in Parsons et al. (1984) and Ivančić and Degobbis (1984).

When necessary, appropriate dilutions were used to fit the range of

spectrophotometric determination (Shimadzu UV 1800).
2.3 Lipid content and GC-MS analysis

Aliquots of cultures (30-50 mL) were filtered on pre-combusted

GF/F filters (Whatman) to determine the total lipid content and

fatty acid methyl ester (FAME) profile. Filters were dried for 12

hours at 60°C and weighed again. Filters were mechanically

disrupted using a tissue homogenizer and total lipids were

extracted according to the modified Bligh and Dyer (1959)

method in dichloromethane (DCM):methanol (MeOH) in 2:1

(vol/vol) ratio. The extraction procedure was repeated for three

30 min cycles in an ultrasonic water bath at 35°C (Aquasonic

750D). Extract was saponified, methylated and analyzed as

described by Haberle et al. (2020). FAME were analyzed by gas–

liquid chromatography (GLC) on a 6890N Network GC System

equipped with a 5973 Network Mass Selective Detector with a

capillary column (30m/0.25 mm/0.25 mm; cross linked 5%

phenylmethylsiloxane) and ultra-high purity helium as the carrier

gas. The oven temperatures were set to 70°C for 5 minutes, then

ramped up to 205°C by 4°C min-1, held at 205°C for 4 min, then

ramped up to 270°C by 4°Cmin-1. Column pressure was constant at

15 psi. Retention times, peak areas and mass spectra were recorded

using the ChemStation Software. FAME were identified comparing

the retention time with the standard mixtures of fatty acid methyl

esters: FAME mix C18-C20, PUFA1, PUFA3 standards (Supelco,

USA), C4-C24 FAME standard mix, and various individual pure

standards (Sigma, Germany), previously analyzed by gas liquid

chromatography-mass spectrometry (GC-MS).
2.4 C:H:N analysis

C:H:N of the algal pellet (obtained from the samples

centrifuged for nutrient analysis; see the section 2.2) was

determined using a “2400 CHN Elemental Analyzer” (Perkin

Elmer, USA). Samples were dried in tin capsules for CHN

analysis. The capsules were combusted in a reactor chamber of
Frontiers in Marine Science 04
the CHN analyzer at a combustion temperature of about 990°C

with supplemental oxygen boosts of 2s. The product gas mixture

flew through a silica reduction tube packed with copper

granules. At about 500°C, the remaining oxygen was bound

and nitric/nitrous oxides were reduced. The gas stream included

analytically important species CO2, H2O and N2. Eventually O2

or hydrohalogenides were absorbed at appropriate traps. High

purity helium was used as carrier gas.
2.5 Wastewater toxic potential
assessment-Microtox®

The toxic potential of the wastewater-based growth medium

was assessed during growth of P. wilhelmii using the marine

bioluminescence bacteria Aliivibrio fischeri in Microtox® in vitro

testing system. Reduction of bacterial luminescence after exposure

to serial dilutions of organic extract in growth medium was

measured by commercially available freeze-dried A. fischeri in

AZUR 500 luminometer according to the procedure described for

seawater (Bihari et al., 2007) and modified for media samples.

Briefly, 50 mL culture aliquots were centrifuged at 5000 rpm for

10 minutes. Supernatants of the samples were extracted with 5 ml

dichloromethane, evaporated to dryness and dissolved in 50 mL
dimethyl sulphoxide (DMSO). Initial testing concentration

corresponding to 12.5 mL of growth media sample contained

12.5% WW. A series of eight 1:1 dilutions were incubated with

bacteria and luminescence decline was measured after 15 minutes.

EC50 values obtained by MicrotoxOmni software were expressed

as percentages of WW equivalents present in growth medium

with the corresponding 95% confidence intervals.
2.6 P. wilhelmii FAME-derived biodiesel
properties

FAME profiles were used for calculation of the ratios

between total unsaturated and saturated FAME (UNS/SAT),

and the average degree of unsaturation was calculated by

summing up all the products of mass fractions of each

unsaturated fatty acid with their number of double bonds

(Song et al., 2013). Biodiesel characteristics, described by

kinematic viscosity (KV), specific gravity (SG), cloud point

(CP), ketene number (CN), iodine value (IV) and higher

heating value (HHV) were calculated by algorithms proposed

in Hoekman et al. (2012) and compared to EN 14214 European

Standards of European Committee for Standardization (2012).

3 Results and discussion

In this study, removal of nutrients from oil refinery

wastewater (ORWW) was monitored along the growth curve

of the marine eukaryotic microalgae Pseudochloris wilhelmii,
frontiersin.org
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with emphasis on biomass quality and its suitability for biodiesel

production. Optimum temperature conditions for maximum

growth were determined from growth experiments at 20°C,

24°C, 26°C and 30°C. The experiments were also used to

analyze possibilities of utilizing the seawater used for cooling

in the oil refining process as a dilution medium for microalgae

growth. The growth curves presented in Figure 2 were used to

determine the maximum growth rates using the batch growth

rate equation (Eq. 1). Table 1 summarizes experimental

conditions in PBRs and the observed basic growth and

nutrient removal indices. Experimental temperatures capture

both the expected optimal growth range, and expected in situ

ORWW temperatures. The chosen light levels [HL = 130 µmol

phot/(m2s), LL = 80 µmol phot/(m2s)] reflect the expected two

representative levels of light intensity in turbid and dark

ORWW. Standard environmental conditions included the

diurnal photoperiod (12:12) to capture diurnal light exposure,

initial inorganic nitrogen concentration of 1.3 mM and 19 psu

salinity. The selected conditions represent average nutrient load

of the untreated ORWW, when diluted with the cooling sea

water in 1:1 (vol/vol) proportion. Two non-standard

experiments with exceptional conditions were run at 26°C and

the higher light intensity [130 µmol phot/(m2s)]:
Fron
1. 26HL+L, with a constant light exposure (24:0) to assess

feasibility of additional artificial lights in reaching

higher biomass production, and

2. 26HL+N, with an increased initial inorganic nitrogen

concentration (2.6 mM) to mimic 1:1 dilution of the

upper limit observed in ORWW, corresponding to a

quite usual periodic occurrence in the oil refining practice.
Biomass growth. Biomass increased under all experimental

conditions (Table 1, Figure 2), despite the exposure to high,

potentially toxic concentrations of NH+
4 , as well as other

potentially toxic components of ORWW. Both exceptional

conditions, the higher nutrient load (26HL+N) and constant

light regime (26HL+L), had impact on biomass productivity and

N-removal efficiency (Figure 2B). As expected, longer

photosynthetic period due to prolonged exposure to light

(Table 1, 26HL+L) increased the average rate of biomass

synthesis, and ultimately led to the highest yield per day

[232.8 mg/(Lday)]. The additional 12 hours of light resulted in

the immense 234% increase in daily biomass production

compared to the 69.6 mg/(Lday) obtained under the diurnal

light regime (26HL). The strong difference is most likely due to

the increased ratio of energy allocated to respiration, and the

total energy captured by photosynthesis (Inomura et al., 2020).

Faster biomass growth in the 26HL+L also increased nitrogen

uptake, resulting in almost 40% faster total nitrogen removal

from the system in only five days, compared to eight days in

26HL. Doubling the initial inorganic nitrogen concentration

(26HL+N vs 26HL) increased final biomass by 77%
tiers in Marine Science 05
(Figure 2B), despite only a moderate increase of 28% in the

biomass production rate (Table 1), compared to 26HL.

Unsurprisingly, higher light resulted in higher growth rates at

both tested temperatures (Figure 2A): 28.6% at 24°C (Table 1, 24HL

vs 24LL), and 3.1% at 30°C (Table 1, 30HL vs 30LL). Results for the

maximum specific growth rate echo those for the biomass

productivity: environmental conditions in experiments 26HL+L

and 24HL resulted in the highest algal growth potential, and the

highest growth rate.

There are several studies in the literature presenting the

productivity data obtained for marine and/or non-commercial

strains (De La Vega et al., 2011; Ruiz et al., 2013; Von

Alvensleben et al., 2013; Ledda et al., 2015). Most of them deal

with municipal or piggery wastewater. However, there are a few

studies investigating growth of non-commercial strains on

highly toxic industrial waters, such as ORWW. Much higher

lipid productivity and growth rates were observed for

Picochlorum genus when grown in commercial growth media.

However, some previous studies, find lower productivity then

observed in our experiment. Von Alvensleben et al., (2013)

reported significantly lower biomass productivities for

Picochlorum atomus when grown under similar conditions in

the artificial growth medium. The compilation of modeling and

experimental results by Concas et al. (2019) predicted

significantly lower biomass productivities, and maximum

biomass obtained, when growing P. wilhelmii on municipal

WW mixed with seawater in 1:1 proportion.

We only report the observed maximal growth rates –

theoretically, since greatest possible specific growth rates are

rarely achieved in experiments, higher growth rates should be

possible. (Mennaa et al., 2017). The reported growth rates,

therefore, help conservatively estimate maximum specific

growth rates that can be used when optimizing industrial scale

production in continuous-flow reactors.

Nitrogen removal. Despite the potential (NH+
4 and other)

toxicity of ORWW, inorganic nitrogen has been completely

removed in all experiments (Table 1, Figures 3A, B). Standard

initial concentration of dissolved inorganic nitrogen (1.3 mM)

was removed in 5-8 days in experiments with favorable growth

temperatures (24 - 30°C). Increasing light intensity increased

nitrogen removal by about 15% for both 24°C and 30°C, thus

reducing the number of days until removal: from 7 days (24LL)

to 6 days (24HL) at 24°C, and 8 days (30LL) to 7 days (30HL) at

30°C. The experiment 24HL yielded the highest observed

inorganic nitrogen removal rate of 0.823 µmolDIN/(mgday)

among all diurnal light cycle experiments, accompanied by the

corresponding biomass productivity of 115.2 mg/(Lday). These

results indicate the optimum temperature for combination of

fast bioremediation and biomass growth.

Increase in nutrient load decreases the maximum specific

growth rate and the maximum specific DIN removal rate, almost

doubling the time for bioremediation process (Table 1, 26HL+N

vs 26HL, 8 vs 15 days) thus indicating that the removal efficiency
frontiersin.org
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could be largely independent of the initial inorganic nitrogen

load. Doubling the nutrient load resulted in only 25% lower

maximum specific growth rate and 28 % higher biomass

productivity. In contrast, constant light exposure expedited the

nitrogen removal, (i.e. bioremediation process) by almost 40%,

while supporting over 3 times higher biomass productivity and

the highest maximum specific growth rate of 0.528 g/(gday).

Influence of auxiliary water parameters. Results on biomass

growth and nitrogen removal generally follow the expected

physiological responses of phytoplankton cells to variations in

culture conditions. However, analysis of the results under the

same light and nutrient conditions, highlighted some

inconsistencies. Although experiments performed at 20°C

(20HL) and 26°C (26HL) reached maximum growth rates

much sooner than experiments at 24°C (24HL) and 30°C
Frontiers in Marine Science 06
(30HL) their overall growth dynamics and final biomass

concentration were significantly lower. This resulted in the

unexpected shape of the thermal performance curve, which

predicts that growth at 26°C should be higher than at 24°C

and 30°C (Figure 2B). Additionally, the experiments performed

at 20°C (20HL) and 26°C (26HL) have a steady increase in

biomass after day 10, while experiments at 24°C (24HL) and 30°

C (30HL) do not. The difference in the growth dynamics and

final biomass yield can be attributed to the different ORWW

sampling dates, even though the ORWW used in experiments

originated from the same process and same oil refining plant.

Experiments 20HL and 26HL used samples collected in summer,

while 24HL and 30HL used samples collected in spring

(Table 2). While ORWW was controlled for parameters

deemed important for algal growth (i.e. NH+
4 concentration
A B

FIGURE 2

Biomass concentration of P. wilhelmii during batch cultivation under (A) 20°C, 24°C, 26°C and 30°C; c(DIN)= 1.3 mmol/L; light levels 130 µmol
phot/(m2s) and 80 µmol phot/(m2s), and (B) at 26°C and 130 µmol phot/(m2s); constant light exposure (24:0) and c(DIN)=1.3 mmol/L; Diurnal
light exposure (12:12) and c(DIN)=2.6 mmol/L.
TABLE 1 Summary of controlled environmental variables and observed basic growth indices in experimental cultures, from the growth and DIN
uptake batch-experiments by P. wilhelmii.

Initial inorganic
nitrogen

concentration

Light
intensity

T Light:
dark

Maximum
specific

growth rate

Maximum
specific DIN
removal rate

Time after start of
experiment (day)

Biomass
productivity

DIN mmol/L µmol
phot/(m2s)

°C h:h g/(g day) mmol/(g
day)

To achieve
max growth

rate

To
consume
DIN

mg/(Lday)

20HL 1.3 130 20 12:12 0.168 0.599 3 14 52.8

24LL 1.3 80 24 12:12 0.336 0.581 6 7 93.6

24HL 1.3 130 24 12:12 0.432 0.823 5 6 115.2

26HL 1.3 130 26 12:12 0.192 0.665 2 8 69.6

26HL+N 2.6 130 26 12:12 0.144 0.538 11 15 88.8

26HL+L 1.3 130 26 24:00 0.528 0.605 1 5 232.8

30LL 1.3 80 30 12:12 0.256 0.801 9 8 86.4

30HL 1.3 130 30 12:12 0.264 0.778 10 7 103.2
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and temperature – see methods for details), results suggest that

other – auxiliary water parameters may affect algal growth. For

example, auxil iary water parameters may influence

phytoplankton growth by: i) providing additional nutrients in

organic form that promote algal growth, and/or ii) diminishing

growth by toxicity. We investigated this further by conducting

CHN analysis and toxicity tests.

Intracellular C, N composition. CHN analysis results

(Figure 3) track nitrogen incorporation into the microalgae,

synthesis of cellular carbon, and the C/N ratio of the cell.

Removal of inorganic nitrogen results in an increase in cellular

nitrogen and carbon on both ORWW waters, but the dynamics

of accumulation are different. On spring ORWW, the
Frontiers in Marine Science 07
accumulation is unlimited (Figures 3A, C), while on summer

water the entry into the stationary phase is visible after day 10

(Figures 3B, D). Unlimited accumulation of carbon is not

surprising, since it can accumulate due to photosynthesis for

more than 10 days after nitrogen depletion (Omta et al., 2017;

Inomura et al., 2020), but the continuing increase in cellular

nitrogen after removal of dissolved nitrogen from the medium is

quite surprising.

In both ORWW samples, observed cellular nitrogen exceeds

the expected limit of maximum nitrogen incorporation defined

by the initial inorganic nitrogen concentration (Figure 3A, B).

Therefore, we hypothesize that both ORWW samples had some

nitrogen of organic origin taken up by the cell. Since the increase
A B

D

E F

C

FIGURE 3

Nitrogen and carbon dynamics in batch-experiments by P. wilhelmii, grown in ORWW sampled in spring (left) and summer (right). Dissolved
inorganic nitrogen and cellular N (A, B), cellular C (C, D), and cellular C/N ratio (E, F).
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in nitrogen lasts longer in spring than in summer ORWW

samples, we conclude that the amount of organic nitrogen in

spring ORWW sample was higher. This is consistent with higher

COD measurements of the spring sample (Table 2). The uptake

of organic nitrogen implies that P. wilhelmii could be using

mixotrophic strategies. It was previously claimed that all the

marine Nannochloris species, including our strain, are obligate

photoautotrophs unable to metabolize organic carbon while

using light as the only source of energy (Droop, 1974).

However, recent findings by Pang et al. (2022) and Goswami

et al. (2022) reported evidence of mixotrophy of novel

Picochlorum sp. (Trebouxiophyceae strains). Therefore, our

strain could be mixotrophic, too. The apparent ability of P.

wilhelmii to remove organic nitrogen-containing contaminants

from wastewater in addition to the proven ability to remove

inorganic nitrogen is a significant feature for the use of this alga

in the bioremediation of ORWW.

Intracellular C/N ratio in spring ORWW (Figure 3E) follows

the expected pattern: the ratio stagnates around the Redfield

ratio until inorganic nitrogen is removed from the water. Then,

the ratio increases because photosynthesis continues to add

carbon, while nitrogen levels remain constant (Liefer et al.,

2019). Summer ORWW sample (Figure 3F), in contrast, does

not yield such a pattern except for algae grown with a

continuous light (26HL+L). The fact that longer light induces

additional carbon sequestration, while shorter light does not,

indicates that shorter light does not provide enough energy to

achieve surplus carbon sequestration even though it does provide

enough energy for growth. Intricacies of the underlying

mechanism(s) warrant additional research.

Lipid composition. GC-MS analysis of the algae biomass, at

both illumination intensities, and at temperatures 24°C and 30°C,

revealed higher lipid accumulation compared to the healthy

growing inoculum culture, ranging from 24.4 to 29.9% of lipid

content in dry algal biomass (Table 3). Final lipid concentrations

in the cultures, depending on light and temperature, ranged from

181.5 to 319.8 mg/L. The obtained results are comparable to

those reported for Pseudoneochloris marina grown under various

light and temperature conditions in NO−
3 based medium

(Gonçalves et al., 2019). Higher FAME saturation and increase

of short carbon chains in the molecular structure, were observed

for cultures grown in ORWW.

The unsaturation index (UND), one of the most important

parameters determining biodiesel quality, demonstrated

drastically lower values for P. wilhelmii grown in ORWW than
Frontiers in Marine Science 08
in the commercial medium, ranging between 3.16–5.54

(compared to 12.23, Table 3). The highest proportion of

saturated FAs of 35.59%, was found in the 24LL (Table 3, SAT),

and the lowest polyunsaturated FA proportion of 16.82%, was

observed in 30LL (Table 3, PUFA). According to the previous

findings by Concas et al. (2019), P. wilhelmii (SAG 55.87) is

characteristic of its long-chain FAME composition and high

proportion of PUFA (> 20%). Herein we confirmed these

findings. Furthermore, PUFA content in FAME of the healthy

growing culture (inoculum) was 49.87%, with a particularly high

proportion of 28% of eicosapentaenoic fatty acid (20:5n-3, EPA),

known as essential (omega-3) fatty acid, important in human

nutrition and health. Nevertheless, the highest proportions of

C18:1, which is the most desirable FAME for biodiesel production,

were found in the lipids obtained from the algae cultivated at 24°C

(Table 3, C18:1c(n-9) + C18:1c(n-7); 28.5 and 34.4%). The causes

of saturation during growth on toxic ORWW can be found in its

composition (Table 2). The result is supported by the previously

established findings that exposure to heavy metals, such as Cd,

causes a decrease in the C18:3 levels by 12% and more, along with

the increase in more saturated FA, such as C16:0, C18:1 and C18:2

(Chaffai and Cherif, 2020). Phenolic substances, PAHs, and other

organics present in WW, are known to form free radicals capable

of attacking multiple double bonds of the highly unsaturated

microalgal fatty acids, and causing their peroxidation (Concas

et al., 2019). The adaptation mechanisms maintaining membrane

permeability and function of the photosynthetic apparatus, lead to

the algae resilience over a wide range of toxicants’ concentrations,

including PAHs and heavy metals (El Maghraby and Hassan,

2021). Thus the decrease in growth rate and lipid yield is to

be expected.

Biodiesel production potential. The most pronounced

changes in FA composition are shortening of the C-chain

length and reduction in the number of double bonds (increase

in saturation). These characteristics are important indicators of

FAME quality, responsible for suitability of the biomass for

biodiesel production (Budisǎ et al., 2019; Haberle et al., 2020).

The main criteria used for biodiesel quality assessment is the

average degree of unsaturation (ADU), developed by Islam et al.

(2013). Biodiesel properties are estimated from the molecular

structure of the FAME taking into account the acyl chain length,

as well as quantity and position of unsaturated bonds (Table 4).

A decrease in proportion of long-chain polyunsaturated fatty

acids (C19-C22) compared to healthy growing culture (9.94 –

25.29%), resulted in ADU range 1.13 – 2.22.
TABLE 2 Auxiliary ORWW parameters for two sampling periods.

pH Hydrocarbons Mineral oils COD Suspended matter NH4 Sulfides Mercaptans
mg/L mg/L mg/L mg/L mg/L mg/kg mg/kg

Spring 10.22 78.6 35.3 519 45.4 41.8 80 38

Summer 9.78 34.2 16 238 25.4 95.6 28 8
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The FAME obtained from the biomass grown in ORWW

under all tested conditions demonstrated satisfactory kinematic

viscosity and specific gravity. The values for cetane number

(CN), one of the most important parameters indicating time

delay in the ignition of fuel for diesel cycle engines, were also

satisfactory at all light irradiances and 24°C and 30°C. Under

30HL the iodine value (IV 140.31, indicative of high degree of

unsaturation, together with ADU), falls out of the regulatory

limits (≤120). These traits classify cultivation of P. wilhelmii

biomass at 30°C and illumination intensity 130 µmol phot/(m2s)

as unfavorable for the production of biodiesel due to the higher

polymerizing tendency as a consequence of the high number of

double bonds. Our previous research demonstrated excessively

high iodine values obtained for P. wilhelmii at lower

temperatures (18°C) and unsatisfactory biodiesel parameters
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(Budisǎ et al., 2019). Therefore, the optimum conditions that

would satisfy all criteria according to the EN 14214 standard are

met at 24°C at both tested light irradiances in a range of 80 and

130 µmol phot/(m2s), and at 30°C at the lower tested light

irradiance, 80 µmol phot/(m2s).

Toxicity reduction potential. High concentrations of

ammonium, because of its natural dissociation into ammonia

can be toxic and growth inhibiting to the microalgae in general

(Bower and Bidwell, 1978). Our previous research has reported

P. wilhelmii to have a high tolerance and even substantial

affinity towards NH+
4 as a nutrient source (Budis ̌a et al., 2019).

However, the presence of highly toxic compounds in the

ORWW certainly causes other cell damage, and cytotoxic

and genotoxic effects that inhibit growth and slow down

cell division.
TABLE 3 Total lipid content, fatty acid profile and relevant FAME classes’ proportion of P. wilhelmii biomass grown under 24°C and 30°C;
c(DIN) = 1.3 mmol/L; light levels 130 µmol phot/(m2s) and 80 µmol phot/(m2s), and diurnal (12:12) light cycle.

80 µmol photon/(m2s) 130 µmol photon/(m2s)

24˚C 30˚C 24˚C 30˚C
INOCULUM

C12:0 0.23 0.26 0.14 0.37 0.33

C14:0 2.40 2.84 1.91 2.83 2.59

C15:0 0.42 0.32 0.25 0.26 0.25

C16:3 2.97 1.12 1.15 0.45 0.54

C16:2 4.55 0.97 0.87 0.60 0.54

C16:1 9.56 17.75 18.18 19.23 19.67

C16:0 13.46 27.93 25.02 24.48 27.08

C17:0 0.50 0.95 0.67 0.72 0.78

C18:3(n-6) 0.13 0.13 0.35 0.30

C18:2(n-6) 12.90 4.93 4.86 5.75 5.05

C18:1c(n-9) 22.45 27.09 32.58 15.76 15.70

C18:1c(n-7) 1.42 1.81 1.59 1.35

C18:0 0.95 1.46 1.21 1.63 2.08

C20:4(n-6) 1.45 0.93 1.06 2.86 2.70

C20:5(n-3) 28.00 9.15 8.57 21.42 19.33

C20:3(n-6) 0.20

C20:2(n-6) 0.12

C20:0 0.15 0.20

SAT 18.12 35.59 30.18 30.97 34.38

MUFA 32.01 46.62 53.00 37.09 36.72

PUFA 49.87 17.69 16.82 31.75 28.46

DETRIT 0.92 1.65 1.28 1.11 1.22

C4-C14 2.63 3.10 2.05 3.20 2.92

C15-C18 67.76 84.07 86.72 70.81 73.34

C19-C24 29.45 10.59 9.94 25.29 23.22

UND 12.23 3.16 3.84 5.54 4.59

UI(n-6) 0.32 0.14 0.14 0.24 0.21

UI(n-3) 1.40 0.46 0.43 1.08 0.98

Lipid proportion in dry biomass (%) 14.6 24.4 28.4 29.9 28.1

Lipid yield (mg/L) 181.5 294.8 225.8 319.8
f
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We assessed the change in toxicity of ORWW due to the P.

wilhelmii metabolic activity using Microtox® system, a well-

known and effective tool in detecting effluent toxicity (Araujo

et al., 2005). The results are presented in Table 5. Decrease in

toxicity of the ORWW reached in a stationary phase, compared

to the ORWW toxicity prior to inoculation, is expressed as

percentage. The most efficient toxicity reduction of 76.5% was

observed in experiment 24HL. Lower light irradiance [80 µmol

phot/(m2s)] in experiments 24LL and 30LL also resulted in

toxicity decrease, 59.6 and 67.6%, respectively. The least

expressed reduction in toxicity was observed in experiment

30HL. Note that the major difference between 30°C and 24°C

experiments was in the period of cultivation. Since the

Microtox is a reflection of a general toxicity of medium, it

cannot provide information about the origin of toxicity, i.e. the

composition of the toxic substances causing the growth

inhibition of A. fischeri. It is plausible that during days 14-20

the bacterial, as well as P. wilhelmii, secondary toxic

metabolites accumulate in the medium shadowing the

toxicity reduction effect (Costelli, 2014). Although there is no

record of P. wilhelmii being able to synthesize toxic metabolites,

some strains of the Picochlorum genus were reported to have

been avoided by copepods as a food source (Ma et al., 2021), or

to express cytotoxic activity against cancer cell line (Abolhasani

et al., 2018). Since P. wilhelmii has been shown as promising

strain for cultivation and isolation of valuable bioproducts, a

deeper insight into the toxicity aspects is needed, particularly in
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a light of the adverse Microtox® results presented herein, as

well as literature reports.
4 Conclusion

Pseudochloris wilhelmii showed high potential for oil

refinery wastewater remediation and large-scale production of

biomass suitable for biodiesel. Growth on ORWW resulted in

substantial decrease of polyunsaturated FA proportions and

increase in monounsaturated and saturated FA proportions,

favoring final lipid quality for biodiesel production, in

adherence to the EN 14214 standard. The conditions favoring

the highest nitrogen removal and highest toxicity reduction in

ORWW are met at 24°C and 130 µmol phot/(m2s) irradiance

with the 12:12 light/dark regime. Under the same conditions the

highest proportion of carbon-binding to the P. wilhelmii

biomass is noticed indicating these conditions as the most

favorable for hydrocarbon removal as well as for CO2

sequestration purposes. Generally, results suggest that

P. wilhelmii might have mixotrophic capabilities in ORWW,

and exhibits high potential for remediation of heavily

contaminated wastewaters rich in organic and inorganic

pollutants. However, the remediation capacity and biomass

productivity strongly depend on auxiliary compounds present

in wastewater, such as hydrocarbons, mercaptanes, and sulfides.

Clearly, Pseudochloris wilhelmii is a promising candidate for
TABLE 5 Microtox® EC50, TU50 (toxicity units) and percentile of toxicity reduction.

Light intensity µmol phot/(m2s) Temperature °C EC50 % TU50 Toxicity reduction %

80 24 6.7 14.8 59.6

30 8.4 11.9 67.6

130 24 11.6 8.6 76.5

30 3.1 32 13.5

Wastewater : Sea water (1:1) 2.7 36.7 0
TABLE 4 Biodiesel properties calculated from the FAME profile of P. wilhelmii grown under 24°C and 30°C; c(DIN) = 1.3 mmol/L; light levels 130
µmol phot/(m2s) and 80 µmol phot/(m2s), and diurnal (12:12) light cycle.

Light intensity 80 µmol photon/(m2s) 130 µmol photon/(m2s)

Temperature 24˚C 30˚C 24˚C 30˚C
Biodiesel standard EN 14214

Average degree of unsaturation ADU 1.22 1.16 1.13 1.72

Kinematic viscosity KV 3,5-5,0 4.44 4.48 4.50 4.12

Specific gravity SG 0,86-0,90 0.87 0.87 0.87 0.86

Cloud point CP 3.70 4.54 4.96 -2.92

Cetane number CN ≥ 51 54.74 55.16 55.37 51.43

Iodine value IV ≤120 103.42 98.79 96.42 140.31

Higher heating value HHV NA 40.68 40.57 40.52 41.55
f

NA, not applicable.
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ORWW remediation and valuable biomass cogeneration on a

large-scale. Nevertheless, for an economically sustainable

biodiesel production the biomass productivity and growth rate

should be further improved, through physiological modeling,

and molecular engineering.
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(2019). Growth aspects and biochemical composition of Synechococcus sp.
MK568070 cultured in oil refinery wastewater. J. Mar. Sci. Eng. 7 (6), 164. doi:
10.3390/jmse7060164

Bligh, E. G., and Dyer, W. J. (1959). A rapid method for total lipid extraction and
purification. Can. J. Biochem. Physiol. 37, 911–917. doi: 10.1139/y59-099

Bower, C. E., and Bidwell, J. P. (1978). Ionization of ammonia in seawater:
Effects of temperature, pH, and salinity. J. Fish. Res. Board Can. 35, 1012–1016. doi:
10.1139/f78-165
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