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Abstract This study presents the effect of ultra-
violet (UV) light radiation on the process kinetics,
metabolic performance, and biodegradation capabil-
ity of Scenedesmus vacuolatus. The impact of the UV
radiation on S. vacuolatus morphology, chlorophyll,
carotenoid, carbohydrates, proteins, lipid accumu-
lation, growth rate, substrate affinity and substrate
versatility were evaluated. Thereafter, a preliminary
biodegradative potential of UV-exposed S. vacuolatus
on spent coolant waste (SCW) was carried out based
on dehydrogenase activity (DHA) and total petro-
leum hydrocarbon degradation (TPH). Pronounced
structural changes were observed in S. vacuolatus
exposed to UV radiation for 24 h compared to the
2,4, 6, 12 and 48 h UV exposure. Exposure of S.
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vacuolatus to UV radiation improved cellular chloro-
phyll (chla=1.89-fold, chlb=2.02-fold), carotenoid
(1.24-fold), carbohydrates (4.62-fold), proteins (1.44-
fold) and lipid accumulations (1.40-fold). In addition,
the 24 h UV exposed S. vacuolatus showed a signifi-
cant increase in substrate affinity (1/Ks) (0.959), spe-
cific growth rate (u) (0.024 h~") and biomass accumu-
lation (0.513 g/L) by 1.50, 2 and 1.9-fold respectively.
Moreover, enhanced DHA (55%) and TPH (100%)
degradation efficiency were observed in UV-exposed
S. vacuolatus. These findings provided major insights
into the use of UV radiation to enhance S. vacu-
olatus biodegradative performance towards sustain-
able green environment negating the use of expen-
sive chemicals and other unfriendly environmental
practices.
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Introduction

The illegal disposal of spent oil waste into the envi-
ronment has sparked a lot of concern worldwide due
to its impact on human health, plants, animals, and
microorganisms (Rathi and Yadav 2019; Saha et al.
2019). The urgent need and search for a cost-effective
and environmentally friendly clean-up approach that
can mitigate the harmful effect of these oil waste pol-
lutants is of great importance to the future sustain-
ability of the environment. Various strategies such as
landfilling, high-temperature incineration, chemical
decomposition and recycling have been used to treat
spent oil waste (Kajdas 2014). These methods are not
only too expensive to provide a satisfactory solution
but create another environmental concern, such as
generating more greenhouse gases (dioxins, carbon
monoxide, nitrogen dioxide, sulphur dioxide). These
gases contaminate the atmosphere and destroy the
ozone layer resulting in severe damage to the envi-
ronment (Asgari et al. 2017; Sihag and Pathak 2016).
The use of microbes such as microalgae to degrade
lubricant oil waste has gained global attention due
to its sustainability and environmental benefits. The
use of microalgae to degrade lubricant oil waste has
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numerous advantages over existing traditional and
chemical treatment methods. These include the abil-
ity to thrive in a variety of polluted environments
with extreme conditions, production of enzymes for
quick metabolism of pollutants, conversion of organic
pollutants into useful environmentally friendly com-
pounds, cost-effectiveness, relatively safe and ecolog-
ically sustainable. Microalgae treatment’s investment
and economic cost are 5-20 times less than traditional
and chemical treatment (Touliabah et al. 2022). Stud-
ies using different green microalgae such as the spe-
cies (sp) of Chlamydomonas, Selenastrum, Scened-
esmus Cyanobacteria and Chlorella to treat lubricant
oil waste have been reported (Dell’ Anno et al. 2021;
Radziff et al. 2021; Touliabah et al. 2022). Scened-
esmus species (sp) has been recognized as one of the
most effective microalgae in oil waste biodegradation
due to their strong photosynthetic activity and cell
surface area (Gongalves 2021; Ismail et al. 2020).
Scenedesmus belong to the class of Chlorophyceae
(Akgiil et al. 2017). They are among the few photo-
synthetic microalgae that have been mass-produced
for food, feed and high-value natural products glob-
ally (Sarwa and Verma 2017). It is a microalgae with
unique characteristics: (a) rapid growth rate, (b) high
accumulation of biomass and easy to harvest, (c) high
source of natural products such as oils, pigments,
protein, fatty acids and lipids, (d) it can be cultivated
in low-cost medium and the presence of recalcitrant
organic pollutants (e) high carbon fixation ability, (f)
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its ability to grow at extreme conditions such as high
temperature and pH (Baghour 2019; El-Sheekh et al.
2013). Even though microorganisms can resist a wide
range of recalcitrant organic pollutants under environ-
mental pollution stress, this approach becomes inef-
ficient in the presence of some recalcitrant organic
pollutants such as spent lubricant oil waste. With the
recent advancement in molecular biology and genetic
engineering, novel approaches to solving the degrada-
tion of xenobiotic pollutants have been made possible
(Fajardo et al. 2020; Kumar et al. 2020). Despite the
depth of research on Scenedesmus for environmen-
tal pollutant degradation, there is a dearth of knowl-
edge on improving their biodegradative potential by
improving cellular metabolic performance. A study
on strain improvement of Scenedesmus vacuolatus
for improving spent lubricant oil waste degradation
is desirable, cheaper and sustainable. Strain improve-
ment through mutagenesis has been reported to be an
effective method to enhance microalgae metabolic
performance and degradative capabilities (Arora et al.
2020). Mutagenesis in microalgae is commonly car-
ried out by physical or chemical mutagens. Physical
mutagens involve the exposure of microalgae to radi-
ation such as ultraviolet (UV) radiation, gamma-ray,
and X-rays, whereas the chemical mutagens involve
the use of chemicals including ethyl methanesul-
fonate, hydroxylamine, nitrous acid and methylnitro-
nitrosoguanidine (Hlavova et al. 2015; Thurakit et al.
2018). In this study, mutagenesis by UV light radia-
tion is of significant interest because it is considered
efficient, simple, rapid, relatively safe and does not
involve any specialized training for its implementa-
tion (Lim and Schenk 2017). Furthermore, microal-
gae strains obtained by mutagenesis are not subject
to the same stringent regulatory constraints as geneti-
cally modified microorganisms, necessitating no legal
or regulatory approval before commercial use. The
UV radiation induces random mutation in the micro-
organism deoxyribonucleic acid via base pair dele-
tion, addition and substitution resulting in new sets
of pyrimidines dimer and thymine dimers (Choi et al.
2017; Fu et al. 2016; Moha-Ledn et al. 2019; Sydney
et al. 2018). Owing to this UV mutagenesis method’s
simplicity, it has been employed to obtain microal-
gae strains with improved metabolic and physiologi-
cal processes (Arora et al. 2020). For instance, an
increase in growth, biomass concentration, carbohy-
drates, protein, lipids and chlorophyll contents were

observed with C. vulgaris after UV radiation expo-
sure (Sarayloo et al. 2018). Likewise, the exposure of
Nannochloropsis oculata to UV radiation resulted in
a higher growth rate and production of several lipids
and fatty acids (Moha-Le6n et al. 2019). The authors
also reported on the release of defense biomolecules
by Nannochloropsis oculate to protect itself from the
effects of the UV radiation. Many microalgae spe-
cies have been reported to have a variety of protective
mechanisms against UV radiation, including DNA
repair, production of antioxidants and UV-absorbing
compounds such as mycosporine-like amino acids
(MAAs) and scytonemin (Pessoa 2012; Rastogi et al.
2020). However, with the abundance of literature on
the effect of UV radiation on microalgae, no research
on the impact of UV radiation on Scenedesmus vacu-
olatus has been reported. A study on UV mutagen-
esis of S. vacuolatus for improved spent oil degra-
dation could provide insight into S. vacuolatus with
improved metabolic and degradative performance.
Therefore, this study investigates the effect of the
physical mutagen UV radiation on S. vacuolatus cel-
lular structure, metabolic performances and growth
for improved spent oil degradation. Thereafter, the
UV exposed S. vacuolatus was assessed for biodegra-
dation of waste lubricant oil.

Materials and methods
Culture medium composition

Blue-green 11(BG11) medium containing three dif-
ferent solutions (solution A, solution B and solution
C) was used in this study. Solution (A) contains the
following in (g/L) 2.86 g H;BO;, 1.81 g MnCl,-4H,0,
0.22 g ZnSO,-7H,0, 0.39 g Na,Mo0O,-2H,0, 0.08 g
CuSO,-5H,0 and 0.05 g CO(NO;),-6H,0O. Solu-
tion (B) in (500 mL) contains 2.0 g K,HPO,, 3.75 g
MgSO,-7H,0, 1.80 g CaCl,.2H,0, 0.30 g Citric
acid, 0.30 g Ammonium Ferric Citrate green, 0.05 g
EDTANa,, and 1.0 g NaCO,. Solution (C) in (g/L)
contains 15.0 g NaNO;. To make 1L BGI1 broth
medium, 1 mL of solution (A), 10 mL of solution
(B) and 100 mL of solution (C) were taken from
each sock solution. For the solid BG11 agar medium,
15.0 g of bacteriological agar was added to the 1L
BG11 medium. The pH was adjusted to 7.0 using 1 M
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NaOH or HCI prior to sterilization by autoclave at
121 °C for 15 min.

S. vacuolatus UV exposure

Scenedesmus vacuolatus isolated from spent lubricant
oil waste (Eregie and Jamal 2019) was used for the
UV mutagenesis in this study. Kultschar et al. (2019)
method was modified for the UV mutagenesis experi-
ment. Colonies of S. vacuolatus were inoculated on
BGI11 agar plate and allowed to grow for 14 days
under standard conditions. The obtained Scenedes-
mus vacuolatus colonies were exposed to UV light
(UV-C) radiation at a distance of 15 cm and at a
wavelength of 254 nm with an intensity of 1.4 mW/
cm? for different time duration of 2, 4,6, 12, 24 and
48 h. After the UV radiation exposure, colonies of
the exposed cells were re-incubated under a 24 h
darkness at 25 °C. The re-incubated cells were fur-
ther subcultured onto a fresh BG11 agar plate under
a 12 h daylight/darkness cycle at 25 °C for 2 weeks.
The UV-exposed colonies at different time intervals
were randomly selected based on the colony’s visibil-
ity for characterization and preliminary biodegrada-
tion study.

Microscopy morphological characterization

Morphological characterization of both wild-type and
UV-exposed microalgae was carried out using ste-
reo microscopy (SM) (LEICA MZ16, with camera
LEICA DFC450C), bright field microscopy (BFM)
(OLYMPUS Ax70) and scanning electron micros-
copy (SEM) (ZEISS EVO L515ss). The SM at dif-
ferent magnification was used to view directly the
microalgae colonies grown on BG11 agar to capture
the morphological features. While for BFM, a drop
of microalgae aliquot grown in BG11 medium was
pipetted on a clean glass slide, then one drop of for-
maldehyde to fix the microalgal cells for five minutes
before the BFM analysis. The SEM was used for fur-
ther morphological characterization of the microalgal
cells. Samples were prepared by pipetting a drop of
the microalgal sample securely onto an aluminium
SEM stub with double-sided carbon tape. This was
allowed to dry completely. The samples were sput-
ter-coated with a gold coat using Quorum Q150RES
before the SEM viewing.

@ Springer

Growth condition

The wild-type and UV-exposed S. vacuolatus (10%
v/v) separately were inoculated into 100 mL BG11
medium in 250 mL Erlenmeyer flasks. The detailed
BGI11 growth medium constituent is described in
section "Culture medium composition". The culture
flasks were incubated at 25 °C for 21 days and sam-
pling were carried out at regular interval (Eregie and
Jamal-Ally 2019, 2021). Samples were thereafter
analyzed for biomass concentration, cellular biomol-
ecules (chlorophyll, carotenoid, protein, carbohydrate
and lipid contents), growth rate, substrate versatility
and substrate affinity.

Substrate versatility study

Substrate versatility of the UV-exposed S. vacuola-
tus using different substrate types was determined
by replacing the BG11 medium as the only carbon
source with sodium carbonate Na,CO;, glucose and
glycerol differently. Growth was monitored at 25 °C
for 21 days and sample for analysis was taken every
3 days.

Preliminary biodegradation of spent coolant waste
setup

To evaluate the degradation efficiency of UV exposed
S. vacuolatus using spent coolant waste (SCW) as
substrate, biodegradation analysis was carried out.
The experimental setup was carried out in BG 11
medium with a working volume of 100 mL contain-
ing 10 mL of the wild or UV exposed S. vacuolatus
separately and 10% (v/v) of SCW as the only carbon
source. The flasks were agitated on a shaker incubator
at 25 °C for five weeks under white fluorescent light
(12 h daylight followed by 12 h of darkness cycle).
The control experiment was done with BG11 medium
having SCW without inoculum. Samples were taken
each week from different flasks and analyzed for
dehydrogenase activity and total petroleum hydrocar-
bon. Total petroleum hydrocarbon and dehydrogenase
activity were determined using previously established
protocols by Irawan et al. (2018) and Ding et al.
(2013), respectively.
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Analytical methods

Microalgal biomass concentration (cell dry weight)
was obtained by measuring the optical density at
680 nm using SpectroVis plus Spectrophotometer
(USA). The cell dry weight was then determined
using a standard calibration curve, a correlation
dependence of biomass dry weight as a function of
optical density (Savvidou et al. 2021).

The chlorophyll composition was estimated using
the method described by Tomar and Jajoo (2021). 5
mL of microalgae culture was taken and centrifuged
at 5000 rpm for 5 min. The supernatant was dis-
carded, and 5 mL of 99.9% methanol was added to
the microalgae pellet, mixed properly and incubated
at 90 °C for 5 min. Then the sample was centrifuged
at 10,000 rpm for 5 min. The supernatant was col-
lected, and the optical density was measured at 666,
653, and 470 nm for chlorophyll A (Chl a), chloro-
phyll B (Chl b) and carotenoid (Cx), respectively. The
actual chlorophyll estimation was afterward calcu-
lated as follows:

Chla(ug/mL) — 15 : 65Ags — 7 : 340Ass

(DNS) method (Miller 1959). Sugar utilization was
then determined using Eq. (2).

. Initial sugar concentration — final sugar concentration
Sugar utilization =

Initial sugar concentration
x 100

@)
The microalgae lipid content was obtained by solvent
extraction method (Bligh and Dyer 1959). One mil-
lilitre of aliquot was centrifuged and the pellet with
80 mL distilled water was homogenized and heated at
2450 MHz for 5 min using a 1000 W capacity Sam-
sung microwave oven (Model: ME9114S1, Malay-
sia). Thereafter, 10 mL and 20 mL of chloroform
and methanol were added to the disrupted cells and
vortexed for 10 min. Chloroform (10 mL) was fur-
ther added to the mixture with 10 min homogeniza-
tion. The mixture was vortexed for an additional
10 min after adding 10 ml of distilled water. The final
mixture was filtered using acrodisc syringe filters to
obtain a two-layer filtrate (lipid 4 chloroform) and the

ey

Cx + ¢ (ug/mL) = (1000A,7o — 2 : 86 Chla — 129 : 2 Chlb) /245

The total protein content was obtained using the
previously described protocol by Ganapathy (2017)
and Sanusi et al. (2020). The protein concentration
was then extrapolated by a predetermined standard
calibration curve using bovine serum albumin as the
standard (Bradford method 1976).

Carbohydrate content was obtained by trans-
ferring 2 mL of microalgae samples into centri-
fuge tubes containing saturated mercuric chloride
(0.1 mL). Mercuric chloride was used to inhibit any
further substrate utilization by the microalgae cells.
The mixed samples were centrifuged at 5000 rpm
for 10 min. Afterward, 1 mL aliquot of the solu-
tion was extracted for the total carbohydrate deter-
mination using the Anthrone-sulphuric method.
Total carbohydrate was then deduced from a stand-
ard curve using Anthrone reagent with glucose as
standard at 620 nm (Sanusi et al. 2020).

The residual glucose concentration in the super-
natant (sample centrifuge at 10,000 rpm for 5 min)
was determined using the dinitrosalicylic acid

chloroform was evaporated from the bilayer. Then the
lipid content was determined gravimetrically.

Kinetic calculations

Then the specific growth rate values () and the initial
substrate concentration value was used to estimate the
maximum specific growth rate (u,,,,) and Monod con-
stant (Ks).

InX, — InX,
N 3
(—1,) 3

where i is the specific microalgae growth rate, X, and
X, were the biomass concentration at time T, and T,
respectively. The linear representation of this equa-
tion is expressed as follows:

Lo S @
Ho Hpae  Hpax NS

Specific growth rate (u) =

where S is the substrate concentration.
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Moreover, the logistic model (Eq. 4) was employed
to depict the correlation of S. vacuolatus biomass (X),
at particular time (t) during the log and the station-
ary growth phase of S. vacuolatus to initial biomass
concentration (X,), maximum biomass concentration
(X nax) and maximum specific growth rate (u,,.)-

X, -exp(ymax . t)
1- (;‘;) . (1 —exp(ymax . t))

The kinetic growth constant was estimated by fitting
a linear function to exponential phase. This was calcu-
lated based on the following equation.

X= ®)

n(5) =Ky ©)

where X is the growth of microalgae as function of
time, X, is the initial growth of microalgae, kK, is the
kinetic growth constant.

Statistical analysis

The data obtained from each experiment was ana-
lyzed with a one-way analysis of variance (ANOVA),
using the Statistical Package for the Social Sciences
(SPSS) version 28. The computed data are means
of 3 replicates (n=3) and all results are expressed
as meanz+standard error for each strain. The

significant difference was performed at a 5% level of
significance.

Results and discussion

Effect of UV radiation on S. vacuolatus structural
morphology

The UV-exposed S. vacuolatus showed structural
cellular modifications and arrangement (Figs. 1, 2,
3). Exposed cells underwent cellular fusion, elonga-
tion and cell-to-cell pairing, SM (Fig. 1b—g), BFM
(Fig. 2b-g) and SEM (Fig. 3b—g) microscopy in
comparison with the wild-type (Figs. la, 2a and 3a)
respectively. Other studies have observed similar cel-
lular morphological alterations in Scenedesmus sp
after exposure to mutagen (Akgiil et al. 2017; Behere-
patil and Deore 2013; Sarwa and Verma 2017). The
cell elongation, cell fusion and pairing of cells could
be ascribed to the effect of the UV radiation on S.
vacuolatus during cellular development (Choi et al.
2017; Colina et al. 2020). The elongation of the cells
and cell fusion increases the cell surface area, which
has the potential to improved S. vacuolatus photosyn-
thetic activities and cellular metabolic performance.
Microalgae with higher surface area to volume ratio
and large cell size are good bioremediators (Sub-
ashchandrabose et al. 2013). Moreover, the cell’s

Fig. 1 Colonies of microalgae strains as observed under stereo microscope (500 pm). a Wild S. vacuolatus microalgae, and b, ¢, d,
e, f, and g are UV exposed S. vacuolatus for 2, 4, 6, 12, 24 and 48 h, respectively
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Fig. 2 Brightfield microscopy (BFM) micrograph of microalgae cells under x40 magnification. a Wild-type microalgae (unex-
posed); b, ¢, d, e, f, and g S. vacuolatus exposed to UV light at different time intervals (2, 4, 6, 12, 24, and 48 h) respectively
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Fig. 3 Scanning electron microscopy (SEM) micrograph of microalgae cells. a Wild S. vacuolatus, b, c, d, e, f, and g are UV

exposed S. vacuolatus for 2, 4, 6, 12, 24 and 48 h respectively

morphological modification, especially the concave
shape, could also improve the photosynthetic activi-
ties through improved angulation of the light ray on
the cell wall. Similarly, the non-damage to the green
chlorophyll pigment is an indication of the cell integ-
rity not been damaged, this desirable since chloro-
phyll is a photosynthetic apparatus (Choi et al. 2017,
Sarwa and Verma 2017). The findings in this study
were consistent with earlier studies on using UV light

radiation for microalgae mutagenesis (Carino et al.
2022; Colina et al. 2020). The differences in cellu-
lar modifications observed in this study compared to
other studies can be attributed to the differences in
the choice of microalgae species, the length of UV
exposure and the operational condition implemented
(Carino et al. 2022; Choi et al. 2017; Colina et al.
2020).
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Fig. 4 The growth profile of the wild S. vacuolatus (unex-
posed S. vacuolatus) and UV exposed S. vacuolatus at different
time interval (2, 4, 6, 12, 24, 48 h). Mean = standard error of
three replicates (n=3)

Effect of UV radiation exposure on S. vacuolatus
growth

The growth curves of the UV-exposed S. vacuola-
tus at different exposure times are shown in Fig. 4.
A shortened lag period and a sharp extended expo-
nential phase was observed for the 24 h UV exposed
S. vacuolatus compared with the growth patterns
obtained for 2, 4, 6, 12, 48 h UV exposed S. vacu-
olatus and the wild S. vacuolatus. Similarly, the spe-
cific growth rate (u) of the 24 h UV exposed S. vacu-
olatus (0.024 day™') was higher compared to 0.015,
0.017, 0.018, 0.019, 0.020 and 0.012 day~' obtained
for 2, 4, 6, 12, 48 h UV exposed S. vacuolatus and
the wild S. vacuolatus, respectively. Furthermore, the
obtained biomass concentration (0.513+0.008 g/L)
of the 24 h UV exposed S. vacuolatus after 21 days
of cultivation period showed significant increase
(p<0.001) in biomass concentration in com-
parison to 0.311+0.009 g/L, 0.368+0.015 g/L,
0.382+0.013 g/L, 0.401+0.009 g/L,
0.443+0.008 g/L and 0.268+0.005 g/L, for 2, 4, 6,
12, 48 h UV exposed S. vacuolatus and the wild-type
respectively. The high p and biomass concentration
values obtained for the UV-exposed S. vacuolatus
suggest the impact of UV radiation on S. vacuolatus
growth. Also, the substantial improvement in specific
growth rate observed in the study could be attrib-
uted to improved substrate affinity observed with the
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Fig. 5 Effect of UV light radiation on the total chlorophyll
content of wild S. vacuolatus and UV exposed S. vacuolatus. a
Chlorophyll a; b chlorophyll b; ¢ carotenoids. Mean + standard
error of three replicates (n=3)

UV-exposed S. vacuolatus. Higher growth rates due
to substrate availability and enhanced affinity could
trigger certain cellular activities, thus increasing
photosynthetic capacity and productivity. Likewise,
the higher growth rates and biomass accumulation
observed in the present study by the UV-exposed S.
vacuolatus could be ascribed to the impact of UV
light radiation on S. vacuolatus photosynthetic appa-
ratus (chlorophyll a and b, carotenoids, large and
elongated cell size) (Figs. 1 and 5), that could have
resulted in enhanced photosynthetic activities (Sub-
ashchandrabose et al. 2013). The modification of
the cellular structure through UV exposure has been
reported to potentially improve both photosynthetic
and metabolic activities of microalgae species (Liu
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et al. 2015). Amongst the UV-exposed S. vacuola-
tus, 24 h UV-exposed S. vacuolatus showed the best
desirable traits such as increased chlorophyll content,
enhanced substrate affinity, high sugar utilization and
growth rate compared to other UV-exposed S. vacuo-
latus. Hence, the 24 h UV-exposed S. vacuolatus was
selected for further studies.

Chlorophyll-carotenoid content of UV exposed S.
vacuolatus

The chlorophyll and carotenoid contents of the
24 h UV exposed S. vacuolatus is presented in
Fig. 5a—c. Significantly (p<0.001) higher Chl a
(11.470+0.003 pg/mL), Chl b (11.725+0.002 pg/
mL) and carotenoid (1.259+0.008 pg/mL) pigment
were observed for the 24 h UV exposed S. vacuolatus
compared to the wild-type (Chl a=6.080=+0.006 pg/
mL, Chl b=5.806+0.003 pg/mL and carote-
noid=1.016+0.009 pg/mL). This is 1.89, 2.02 and
1.24-fold higher than the wild S. vacuolatus pig-
ments, respectively. High Chl a, Chl b and carotenoid
pigment obtained for the UV-exposed S. vacuolatus
indicate a positive impact of the UV radiation on
the pigment production apparatus (Gongalves 2021).
Improved pigmentation could be attributed to altera-
tions in the genetic make-up responsible for pigment
production. High pigmentation may enhance the cap-
turing of light energy and consequently, high photo-
synthetic activities. It has been reported that Chl a,
Chl b and carotenoid are the principal photosynthetic
biomolecular apparatus in microalgae that captures
light energy and CO,. These photosynthetic appara-
tuses are also UV filters to protect the photosystems
from the damaging effects of UV light radiation (EI-
Sheekh et al. 2021). A similar increase in chlorophyll
contents by Chlorella sp and Chlamydomonas rein-
hardtii was reported by Liu et al. (2015) after their
exposure to UV radiation. On the other hand, the
total Chl content of 24 h UV-exposed S. vacuolatus
in the current study differs from those of Kumar et al.
(2018). They reported a decrease in the chlorophyll
contents of C. sorokiniana (Chl a 1.51 pg/mL, Chl b
0.49 pg/mL), and carotenoid (0.81 pg/mL) after UV
exposure. These variances in the Chlorophyll contents
are most likely due to variations in exposure time,
microalgae species and growth conditions employed.
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Protein, carbohydrate, and lipid accumulation in UV
exposed S. vacuolatus

The protein content in the 24 h UV-exposed S. vac-
uolatus was 20.651 +£0.003 g/L (Fig. 6a). This was
1.44 times significantly (p <0.001) higher than that
of the wild-type (14.372+0.010 g/L). This increase
in protein content can be attributed to the impact
of UV radiation on the cellular protein machin-
ery. On the hand, the ratio of protein to biomass
(P:B) accumulation shows the wild-type (54:1) has
higher P:B compared to the UV-exposed. vacuola-
tus (1:40). UV radiation has been used to positively
bioengineer microorganisms to improved cellular
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biomolecules such carbohydrate and lipid (Gana-
pathy et al. 2017; Tenorio et al. 2022; El-Sheekh
et al. 2021). The UV radiation in the present study
favoured protein synthesis and accumulation and
subsequently enhanced the S. vacuolatus enzymatic
and metabolic activities. Proteins are one of the
most abundant components in microalgae, account-
ing for up to 50% of total cell weight. Thus, altera-
tion in the protein concentration in the cell could
positively affect the overall microalgal metabolic
performance (Colina et al. 2020). Moreover, the
high protein accumulation suggests the activation of
additional protein types such as the defense proteins
and enzymes, during UV treatment. These defense
proteins could be an adaptive response to protect the
organism against UV radiation. The increase in the
protein of the UV-exposed microalgae in this study
correlates with the report of Kumar et al. (2018),
who observed a 23% protein content for C. soro-
kiniana after exposure to UV radiation. Similarly,
El-Sheekh et al. (2021) reported a twofold increase
in the protein content of Microcystis after UV expo-
sure. In addition, Colina et al. (2020) reported that
the exposure of microalgae to UV radiation elevates
microalgae adaptive mechanisms and the accu-
mulation of biomolecules such as lipids, proteins,
chlorophyll, and carbohydrates associated with the
defensive mechanism.

The carbohydrate (CHO) accumulation by the wild
S. vacuolatus and the 24 h UV-exposed S. vacuolatus
is depicted in Fig. 6b. The result revealed that the total
carbohydrate obtained for the wild-type increased
from 1.017+0.001 to 5.345+0.016 g/L after 21 days
of cultivation period. While the total CHO content
obtained with UV-exposed S. vacuolatus increased
significantly (p<0.001) from 6.039+0.008 g/L (day
3) to 24.707+0.006 g/L (day 18), followed by a
decline. This sharp decline in the CHO accumulation
observed with the UV-exposed S. vacuolatus, could
be an indication of rapid depletion of nutrient due to
rapid growth. The 24.707 g/LL CHO content observed
for the UV-exposed S. vacuolatus is 4.62-fold higher
in carbohydrate content compared to the wild S. vacu-
olatus. Moreover, the fraction of biomass to CHO is
substantially higher with the UV-exposed S. vacu-
olatus (1:48) in comparison with fraction obtained
with the wild-type S. vacuolatus (1:20). This further
support the effect of UV treatment on the build-up
of biomolecules such as CHO in S. vacuolatus. This
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increase in CHO is consistent with El-Sheekh et al.
(2021) report, who also observed an increase in total
CHO accumulation of S. acutus after a 24 h exposure
to UV radiation.

Figure 6c depicts the significant difference
(p<0.001) of total lipid obtained in S. vacu-
olatus after UV exposure. The lipid build-up of the
UV-exposed S. vacuolatus was 0.0514+0.012 g/
mL/day and 1.40-fold higher than the wild-type
0.0368+0.015 g/mlL/day. This result shows UV
radiation’s impact on the lipid biosynthesis meta-
bolic pathway (Sivaramakrishnan and Incharoensakdi
2017). Carino and Vital (2022) and Choi et al. (2017)
also reported a similar increase in lipid accumulation
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in C. vulgaris after UV exposure. The increase in pro-
tein, CHO and lipid contents observed in this study
show the potential of UV radiation to enhance S.
vacuolatus cellular biomolecules to improve cellular
activities.

UV exposed S. vacuolatus growth kinetics

The specific growth rate of 24 h UV-exposed S. vacu-
olatus was obtained from the log phase of S. vacu-
olatus growth. The obtained specific growth rate (u)
was 0.183, 0.212 and 0.243 day'1 at initial substrate
concentrations of 1.00, 1.50 and 2.00 g/L, respec-
tively. Alternatively, lower specific growth rate values
of 0.183 day~! (1.00 g/L), 0.198 day~! (1.50 g/L) and
0.232 day~! (2.00 g/L) were obtained with the wild
S. vacuolatus (Fig. 7a). These outcomes suggest the
observed p increases with increasing substrate con-
centration and could continue until substrate satu-
ration is reached (Okpokwasili and Nweke 2006).
Moreover, the higher p values achieved with the
24 h UV-exposed S. vacuolatus suggest the impact
of UV radiation on substrate uptake and growth of S.
vacuolatus (Choi et al. 2017; Ganapathy et al. 2017;
Kumar et al. 2018). Microbial engineering develop-
ments such as the use of UV radiation and different
cloning techniques for inducing improved genetic
changes at cellular levels to simultaneously obtained
enhanced traits such as shorter lag phase, improved
growth rate and metabolic activities have been
reported (Choi et al. 2017; Ganapathy et al. 2017;
Kumar et al. 2018). Furthermore, taking into account
the aforementioned impact of UV radiation on S.
vacuolatus such as enhanced photosynthetic features
and increased growth rate that could have improved S.
vacuolatus substrate uptake, utilization and improved
specific growth rate in the 24 h UV-exposed S. vacu-
olatus was expected.

The estimated Monod constant (K ) and maximum
specific growth rate (W, from the specific growth
rate values and initial substrate concentrations are
shown in Fig. 7b and c¢. A maximum specific growth
rate (u,,,,) value of 3.30 day™' and 2.85 day™' were
observed for the 24 h UV exposed S. vacuolatus and
wild-type, respectively. The Ks value obtained for
UV-exposed S. vacuolatus was 1.56 g/L., while the Ks
value of 1.043 g/L was obtained for the wild-type. In
addition, the UV-exposed S. vacuolatus had a higher
affinity constant (1/Ks) for the available substrate

(0.959) compared to the wild-type (0.641). The affin-
ity for the substrate by the UV-exposed S. vacuola-
tus was 1.50 times higher than the wild S. vacuolatus.
The higher y,_,. and 1/K values observed for the 24 h
UV-exposed S. vacuolatus demonstrate the suitabil-
ity of UV radiation as a physical agent to improve S.
vacuolatus substrate uptake and metabolic activities.

The experimental data from the biomass con-
centration over the cultivation period were used to
fit the logistic model with correlation coefficients
(R*)>0.979. Higher maximum biomass concentra-
tion (X,,,,=0.511 g/L) was obtained with 24 h UV-
exposed S. vacuolatus in comparison with wild S.
vacuolatus (X,,,,=0.268 g/L). On the other hand, the
wild-type had a higher maximum specific growth rate
(U =0.556 day™!) than that obtained with 24 h UV-
exposed S. vacuolatus (U, =0.365 day™"). Though
lower p_ .. was obtained with 24 h UV-exposed S.
vacuolatus, higher substrate affinity and biodegra-
dation potential were observed in contrast with the
wild-type. Therefore, this suggests that the exposure
of S. vacuolatus to UV radiation largely enhanced
S. vacuolatus affinity for the substrate and subse-
quently enhanced the degradation of SCW to harm-
less by-products.

Furthermore, the kinetic growth constant (k,)
(0.1615 day™') was obtained for the UV exposed S.
vacuolatus during the SLW degradation process
(see supplementary document). This was 1.27-fold
high compared to wild S. vacuolatus (0.1274 day™)
under the same experimental condition. Interest-
ingly, the high k, obtained with UV exposed S. vacu-
olatus corroborate with the high substrate affinity,
specific growth rate and high biomass accumulation
also observed with the UV exposed S. vacuolatus.
This could be attributed to the positive impact of UV
radiation on Scenedesmus vacuolatus photosynthetic
apparatus, production of enzymes and other physi-
ological cellular behaviour to improve cellular growth
and simultaneously degrade the lubricant oil waste.

Scenedesmus vacuolatus substrate usage versatility

Figure 8 illustrates the variation in the growth rate
of the 24 h UV-exposed S. vacuolatus cultivated
with sodium carbonate (Na,COj;), glucose and glyc-
erol as the only carbon source. The results obtained
revealed S. vacuolatus showed a significant differ-
ence in growth pattern with the studied substrates
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(Na,CO;, glucose and glycerol) as the sole carbon
source. These variations in growth patterns may be
attributed to the differences in the chemical struc-
tural complexity of the compounds. Also, the varia-
tions in the specific growth rates demonstrate vari-
ations in the metabolism of the different substrates
by S. vacuolatus (Danesh et al. 2019; Rambhiyal
et al. 2021). S. vacuolatus showed the highest
growth rate and biomass concentration with glu-
cose as the sole carbon source. This suggests that
glucose is the most preferred carbon source by S.
vacuolatus of the three substrates, probably due
to its simple carbon—carbon bond (Danesh et al.
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2019). Moreover, higher specific growth rates were
observed in all the studied substrates with 24 h UV-
exposed S. vacuolatus compared to the wild-type
(Fig. 8a—c). The maximum specific growth rates
of 0.054, 0.136 and 0.082 day_l, were observed
for the UV-exposed S. vacuolatus compared to that
0.028, 0.099 and 0.053 day'1 obtained for Na,CO;,
glucose and glycerol of the wild S. vacuolatus,
respectively. The UV-exposed S. vacuolatus also
showed significantly increased biomass concentra-
tion up to 0.869+0.006 g/L, 0.999+0.060 g/L,
0.898+0.006 g/L for Na,CO;, glucose and glyc-
erol, respectively. The attained biomass concentra-
tion was 1.67, 1.44 and 1.48 times higher than those
obtained with the wild-type (0.524+0.014 g/L,



Biodegradation (2024) 35:71-86

83

0.696 +£0.026 g/L, 0.606+0.011 g/L). The higher
specific growth rates and biomass concentrations
obtained by the UV-exposed S. vacuolatus can be
ascribed to enhanced adaptability, metabolic capac-
ity and substrate consumption versatility.

Effect of UV radiation on S. vacuolatus
biodegradation potential

To determine the potential of waste lubricant of
biodegradation by the 24 h UV-exposed S. vacu-
olatus, a preliminary assessment for spent coolant
waste (SCW) biodegradation was carried out. The
DHA production and TPH degradation of SCW
after 5 weeks is presented in Fig. 9a and b (The TPF
produced and gas chromatogram of the TPH degra-
dation are shown in the supplementary document).
The results showed the 24 h UV-exposed S. vacu-
olatus has significantly higher (p<0.001) DHA and
TPH degradation efficiency in comparison with the
wild S. vacuolatus. The highest DHA with TPF pro-
duction of 1.771+0.006 mg/mL was obtained at
week 3, while the highest TPH degradation (100%)
was obtained at week 5. These were 36% and 14%
improvements over the DHA and the TPH obtained
with the wild-type. The increment in DHA and TPH
degradation might also be attributed to enhanced pho-
tosynthetic and metabolic activities of UV-exposed S.
vacuolatus resulting from improved cellular activities
after the UV exposure (Choi et al. 2017; Ganapathy
et al. 2017; Kumar et al. 2018). Previous studies by
Megharaj et al. (2000) and Eregie and Jamal (2019,
2021) also reported an increase in DHA and TPH
degradation of HCs using the Chlorella and Scened-
esmus sp, respectively.

The HCs detected in the SCW sample after treat-
ment with the 24 h UV-exposed S. vacuolatus are
shown in the supplementary document. A relatively
high biodegradation of HCs of SCW was observed
compared to the control. The possible reasons for the
high degradation of HCs after 5 weeks of treatment
include (1) high tolerance and metabolism of SCW as
substrate, (2) increased enzymatic metabolic activi-
ties that improved the metabolic activities towards
SCW degradation (Ibrahim 2016; Ichor et al. 2016;
Medic et al. 2020). The different alkanes (C8 to C43)
present in the control (see supplementary document)
were degraded by the UV-exposed S. vacuolatus into
environmentally friendly products such as alkanols,

alcohols, ketones, aldehydes, fatty acids, and carbox-
ylic acids. Similar degradation products were also
observed in the SCW treated with the wild-type (see
supplementary document). Wild-type and 24 h UV-
exposed S. vacuolatus probably exhibited a subtermi-
nal oxidation pathway for the degradation of alkanes
(Patowary et al. 2017; Medic et al. 2020). Subtermi-
nal oxidation of alkane HCs have also been reported,
resulting in the formation of an alcohol that is then
hydroxylated to form ketone and ester by-products.
The ester formed is further oxidized to produce fatty
acid (Kumar et al. 2014; Patowary et al. 2017). More-
over, mono and polycyclic aromatics were degraded
to their harmless degradation products by UV-
exposed S. vacuolatus within the first week of SCW
treatment compared to the control and the wild-type
that occurred in subsequent weeks. A suggestive of
rapid utilization of SCW as substrate resulting from
high photosynthetic and metabolic activities (Pato-
wary et al. 2016; Choi et al. 2017; Zyszka-Haberecht
et al. 2019). The ability of the UV-exposed S. vacu-
olatus to degrade the aromatics to metabolic prod-
ucts that are non-toxic within the first week of treat-
ment is significant and could be of biotechnological
importance in the biodegradation of SCW, oil waste,
or spillage. After 5 weeks of SCW treatment by 24 h
UV-exposed S. vacuolatus, no HCs nor their degra-
dation products (signifying complete metabolism/
degradation) were detected compared to the control
and degradation profiles obtained from the wild S.
vacuolatus experiments where undegraded HCs were
detected after 5 weeks. The results obtained further
demonstrate the enhanced biodegradation potential of
the UV-exposed S. vacuolatus.

Conclusion

This study demonstrates the impact of UV light radia-
tion on the metabolic performance and biodegrada-
tion potential of S. vacuolatus. Higher growth rate,
substrate affinity, chlorophyll, protein, carbohydrate,
and lipid accumulation were obtained with the 24 h
UV-exposed S. vacuolatus. Moreover, the exposure
of S. vacuolatus to UV radiation enhanced the DHA
by 1.55-fold and biodegradation efficiency by 100%
with SCW as substrate. This study substantiates the
potential of microalgae engineering to improve waste
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biodegradation towards eco-friendly environmental
sustainability.
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