Pre prints.org

Article Not peer-reviewed version

Combinatorial Effect of Multiple
Variables on Carotenoids and
Lipids Up-Regulation in
Monoraphidium sp. for
Pharmacological and
Nutraceutical Applications

Kushi Yadav , Shashi Kumar , Ganesh Chandrakant Nikalje -, Monika Prakash Rai

Posted Date: 22 March 2023
doi: 10.20944/preprints202303.0382.v1

Keywords: Microalgae; Monoraphidium sp.; Abiotic stress; Biomass; Carotenoids; Lipids

E : E Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently

= available and citable. Preprints posted at Preprints.org appear in Web of

E- . Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2883508
https://sciprofiles.com/profile/454914
https://sciprofiles.com/profile/2182613
https://sciprofiles.com/profile/2850533

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 March 2023 doi:10.20944/preprints202303.0382.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Combinatorial Effect of Multiple Variables on
Carotenoids and Lipids Up-Regulation in
Monoraphidium sp. for Pharmacological and
Nutraceutical Applications

Kushi Yadav !, Shashi Kumar 2, Ganesh Chandrakant Nikalje 3* and Monika Prakash Rai *

1 Amity Institute of Biotechnology, Amity University Uttar Pradesh, Sector 125, Noida 201313, India;
kushiyadav93@gmail.com

2 International Centre for Genetic Engineering and Biotechnology, Aruna Asaf Ali Marg, Jawaharlal Nehru
University, New Delhi, Delhi 110067; skrhode@icgeb.res.in

3 Seva Sadan’s R.K. Talreja college of Arts, Science and Commerce, Affiliated to University of Mumbai,
Ulhasnagar 421003, India; ganesh.rkt5@gmail.com

* Correspondence: ganesh.rkt5@gmail.com (G.C.N.); mprai@amity.edu (M.P.R.)

Abstract: Carotenoids are essential pigments that play a vital role in the photosynthetic process of
algae and are important for human health and nutrition. Despite their potential value, algal
carotenoids are being neglected by biofuel industries. Recent research is aimed at producing
microalgal lipids and carotenoids simultaneously under abiotic stresses. In this study, the effect of
different abiotic stress factors such as Nitrogen (N), Potassium (K), Phosphorous (P), Sulphur (S),
light intensity, and photoperiod on biomass, lipid, and carotenoids synthesis in Monoraphidium sp.
(MP) were explored utilizing a statistical method. In addition, 2, 7-dichlorofluorescein diacetate
(DCF-DA) mediated spectrofluorimetry was employed to detect the elevation in ROS level. The
results revealed that variations in nutrients and light conditions are the key factors in the up-
regulation of biomolecules lipids and carotenoids in the algae. The carotenoids profiling was done
by Ultra Performance Liquid Chromatography Quadrupole Time-of-Flight Mass Spectroscopy
(UPLC-Q-ToF-MS). Among consisting carotenoids violaxanthin, astaxanthin, and beta-carotene
were enhanced by 1.3 folds, 1.19 folds, 1.08 folds, while lutein was declined by 1.32 folds under
stressed condition compared to control. The identified carotenoids are recognized for their
importance in the pharmaceutical and nutraceutical industries, highlighting the significant role of
MP in these sectors.

Keywords: microalgae; Monoraphidium sp.; abiotic stress; biomass; carotenoids; lipids

1. Introduction

Microalgae are getting prominence in the food, feed, and medicine markets owing to their
capacity to produce distinctive value-added products and biologically active compounds. As a result,
the United Nations’ “Sustainable Development Goals” (SDGs) advocate microalgae biotechnology
platforms for the synthesis of industrially significant bioproducts [1]. Microalgae produces a myriad
of naturally occurring bioactive compounds, prominently lipids and carotenoids. Likewise,
microalgal carotenoids can exhibit a plethora of health benefits against viral, microbial, and cancer
activities, in addition to the advantages of antioxidants and vitamins [2]. Microalgal carotenoids serve
as natural pigments in addition to their bioactive molecular attributes in nutraceuticals, food, feed,
and aesthetics. This has prompted a rise in consumption that has driven the pursuit of novel natural
origins for carotenoids [3]. In recent years, the demand for natural goods and health protection items
has skyrocketed. The US Food and Drug Administration has proven the applications of numerous
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microalgae species in food and health [4]. The international carotenoids demand is however
predicted to thrive with an average acquire profit of 3.9% [5]. Nonetheless, the industrialization of
microalgae biotechnology remains difficult due to high operating and processing costs [6]. Numerous
studies have been carried out in recent years to use stressors to reduce the expense of algal
biotechnology, nevertheless, the outcomes failed in commercialization because of the lower yield of
value-added compounds and high cultivation cost [7]. Despite lower intercellular compound
production has been recorded, optimizing combinations of optimal stress conditions is critical to
obtaining enhanced microalgal bioactive compounds.

For maximal biomass production, microalgae require nutrient-sufficient circumstances,
although the basal amount of lipids can be adjusted by biochemical strategies like nutrition and
cultivation conditions alteration [8]. Previous research has identified light, nutrients, temperature,
and pH are all abiotic stressors that have a direct impact on microalgae development. Intercellular
carotenoid synthesis increases during light stress to protect cells from photoinhibition [9].
Consequently, different microalgal species require different levels of light for growth and
biomolecule synthesis [10]. Since the nutrients in the growth medium have a major influence on the
development of microalgae, optimizing appropriate growth media is critical for industrial
applications. Nitrogen is an essential nutrient for biomolecule synthesis (protein, lipids, chlorophyll,
and nucleic acids), metabolism, and cell growth [11]. Nitrogen and phosphorus insufficiency alters
the carbon flux protein, triggering higher lipid deposition in microalgae [12]. Moreover, a lack of
phosphorus increases lipid content, which causes triacylglycerols (TAG) to build during microalgal
growth. High production of biomass, lipid, and carotenoid necessitates the nutritional composition
to be optimized [13]. RSM is a computational and statistical design targeted at evaluating challenges
associated with reliance on multiple independent factors with the intent of improving the operation
factors in an attempt to achieve the maximum response [14]. RSM was applied to optimize the
variables predicated on the intricate dynamic interplay of multiple variables on biomass, lipids, and
carotenoid production. It is widely known that stressing conditions could improve lipid content [15].
But nonetheless, little is known about the physiological and molecular components of the underlying
processes. Despite the fact that oxygen is not hazardous to organisms, the accumulation of reactive
oxygen species (ROS) could trigger oxidative harm to the cellular environment, inevitably leading to
toxicity due to excessive reactive oxygen stress [16]. An earlier investigation revealed that abiotic
stress causes lipid increases and the co-occurrence of ROS species in microalgae species. As a result,
the yield of bioproducts is directly correlated with the ROS level generated by a particular species of
microalgae.

To the finest of our knowledge, no empirical research is available on the concurrent
augmentation of biomass, lipids, and carotenoids in MP through optimizing multifaceted culture
conditions. In the present study, microalgae were cultivated under varying abiotic factors including
N, P+K, S, LI, and PP targeting an increase in carotenoid and lipid yield. The growth performance
and photosynthetic efficiency were tracked on alternate days during the culture process designed by
RSM-CCD. To identify the rise in ROS level and morphometric changes, spectroscopic analysis and
microscopy were used. Carotenoid content was determined after analyzing net biomass and other
bioproducts. As a result, the current study intended to ascertain the optimal multimodal condition
for boosting biomass, lipids, and carotenoids in MP, along with the comprehensive carotenoid
profile. Carotenoid variation under stressed conditions showed a remarkable achievement for the
nutraceutical and pharmaceutical market.

2. Materials and Methods
2.1. Microalgae Growth

The microalgae Monoraphidium sp. (NCM no. 5585) was procured from the National Chemical
Laboratory (NCL), Pune, India. In a 100 ml Erlenmeyer flask containing 50 ml BBM medium
microalgae were inoculated with pure microalgae inoculum to achieve 0.1 OD of the medium.
Cultures were placed in an incubation room with a stable temperature of 28 + 2°C, and continuous
white light illumination of 100 . mol m2 s ! for 24 h with intermittent agitation.
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2.2. Biochemical Analysis
2.2.1. Gravimetric Estimation of Lipids

Total lipid extracted from 1 g dry microalgal biomass via the Bligh and Dyer method with a
combination of 2:1 chloroform and methanol respectively [17]. Total Lipid production, productivity,
and content were adjudged by Equations (1), (2) and (3) respectively.

Total lipid production (mg/L) = mass of lipid (mg)/Volume (L) (1)
Lipid productivity (mg/L/d) = mass of lipid (mg)/ Volume (L) x cultivation duration (d) (2)

Lipid content (%) = mass of lipid (g)/mass of culture (g) x 100 (3)

2.2.2. Estimation of Protein Content

Lowry’s method was used for the estimation of protein content and observed at 660nm
absorbance moreover protein concentration was determined via Bovine Serum Albumin (BSA)
standard curve [18]. By the virtue of Equation (4) protein content was estimated as:

Protein (%) =Weight of protein (BSA CURVE)/Dry cell mass (g) x100 4)

2.2.3. Estimation of Carbohydrate content

The 3, 5- Dinitro salicylic acid (DNS) method was used for determining the carbohydrate content
present in MP [19]. To determine carbohydrate content DNS reagent was utilized and optical density
was arbitrated by Microplate reader Synergid H1 (BioTek, USA) at 540 nm. The total carbohydrate
content was estimated by Equation (5):

Carbohydrate Content (%) = Weight of carbohydrate (glucose standard curve) /dry
cell massx100

©)

2.2.4. Estimation of Moisture and Ash Content

For moisture content, the weight of algal biomass prior to and afterward, 1 hr of drying at 105°C
followed by desiccation for 30 min was carried out before weighing. For ash content, the dried
biomass was heated at 550°C for 30 min, and thereafter 30 min desiccation and weighing were carried
out as per [20]. The total moisture and ash content was estimated by Equations (6) and (7):

Moisture content (%) = (Weight of wet biomass-Weight of dry biomass)/ Weight of ©)
wet biomass X 100
Ash content (%) = (weight of ash / weight of dry biomass) X 100 7)

2.3. Optimizing Nutrients, Light Intensity and Photoperiod Using the Response Surface Methodology (RSM)
Based Central Composite Design (CCD) Design Expert

Three nutrient factors and two illumination factors constitute the five abiotic stress factors that
were examined in this investigation. The following factors are nitrogen concentration, combine
potassium and phosphorous concentration, sulphur concentration, light intensity, and photoperiod.
RSM-CCD design expert 13 was opted to determine the various concentrations of all five parameters.
Levels, parameters, and the experimental set are all detailed in Table 1. Forty-three experimental sets
were coded in duplicate, with the biomass, lipid, chlorophyll a, chlorophyll b, and carotenoids
response. All experiments were conducted on the scale of the experimental set in 250 ml Erlenmeyer
flasks with a working volume of 100 ml. The Erlenmeyer flasks were locked with cotton plugs and
placed in the growth chamber by providing culture conditions according to RSM-CCD, with
intermittent orbital shaking at 100 rpm in a rotary orbital shaker (REMI CIS 24BL, Mumbai, India).

doi:10.20944/preprints202303.0382.v1
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The entire process above was analyzed with a statistical program (Design Expert 13.0.0, Stat-Ease,
USA).
2.4. Biomass, Lipid, and Pigment Analysis

Microalgae biomass was determined by microplate reader Synergid H1 (BioTek, USA) spectra-
fluorometer on every alternate day, 200 puL culture loaded on 96 well plates, and the absorbance
recorded at 680 nm for calculating biomass concentration from Equations (8)—(11) [21].

Biomass concentration (g/L) = 0.657 Asso- 0.0841 (8)

where A« depicts the density of algae at 680 nm wavelength.

Biomass productivity (g/L/d) = Biomass concentration (g/L)/T(d) 9)
Specific growth rate (i) = InX2 = InXyT2 - Tx (10)
Doubling time = In2/u (11)

where, T represents time in days; X2 and X1 showed final and initial biomass concentration; T2and T1
represent final and initial time, respectively.

Lipid-sensitive fluorescent dye Nile red was used to visualize and estimate triacylglycerol (TAG)
accumulation in microalgae at different stages [22]. Quantification of neutral lipid was performed in
a black 96-well plate (Nunc maxisorp, US) in duplicates at each time interval (on the 1st, 5th, 9th,
13th, 18th, 23rd, 25th, and 30th day). About 500 uL culture was mixed with 1 uL of stock Nile Red
(stock concentration) containing 499 uL DMSO solution. The sample was loaded on a black 96 well
plate (Nunc maxisorp, US) and the fluorescence was recorded using a Synergid H1 spectra-
fluorometer at an excitation wavelength of 530 nm and emission wavelength of 575 nm.

Microalgae pigment was determined by microplate reader Synergid H1 spectra-fluorometer on
every alternate day, 200 uL culture loaded on 96 well plates (Nunc maxisorp, US) [23]. Pigment
content was determined as chlorophyll a, chlorophyll b, and total carotenoid by Equations (12), (13)
and (14) respectively.

Chl a (ug/mL) = 13.36 A664 — 5.19A648 (12)
Chlb (ug/mL) = 27.43 A648 — 8.12A664 (13)
Car (ug/mL) = (1000 A470 - 2.13Ca — 97.64Cb)/209 (14)

2.6. ROS Estimation:

In ethanol DCFH-DA was dissolved and 1 ml of the dissolved DCFH-DA was deacetylated by
adding 0.01 M NaOH in dark to obtain DCFH. Microalga cells were harvested and washed with PBS
followed by the resuspension of cell pellets in DCF-DA [24]. After 1 hour of incubation at 37°C in
dark and cells were placed in the black 96 well plates with clear bottoms. Fluorescence intensity was
measured at 485 nm excitation and 527 nm emission using Microplate reader Synergid H1 (BioTek,
USA). Fluorescence is measured in terms of relative fluorescence unit (RFU).

2.5. Microscopic Visualization of Lipophilic Compounds

To determine lipid fluorescence intensities microalgae cells were stained with the fluorescent
dye Nile Red (Sigma, 552/636), and the fluorescence intensity was measured to determine the
presence of lipophilic compounds. 1 ml of microalgae cell culture was centrifuged (Eppendorf 5810R)
at 7000 rpm for 5 min, and the pellets obtained were rinsed thrice with PBS. The pellet was dissolved
in 1 mL of 20% DMSO before 1.5 g mL-1 of Nile Red dye was added. After 15 minutes, the mixture
was incubated in the dark. The intracellular lipophilic compounds in algal cells were detected by an
inverted fluorescence microscope (Nikon A1, Tokyo, Japan) at 552 nm excitation and 636 nm emission

doi:10.20944/preprints202303.0382.v1
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wavelength. The measurement of fluorescence potency in microalgal cells is determined by Image]J
software [25].

2.6. UPLC-Q-ToF-MS Analysis

Microalgal carotenoids were analyzed by the Acquity H class series UPLC system (Waters,
Synapt XS HDMS) coupled with a quadrupole time-of-flight mass spectrometry (QToF). 5 ul sample
was injected in Acquity UPLC C18 BEH column (2.1X50mm, 1.7 pm particle size, Water) consisting
electron spray ES* with 5 ul injecting volume at 0.25 ml/min flow rate. The mobile phase consists of
0.1% formic acid in water (A) and 0.1% formic acid in ACN solvent (B). Method initiated with Omin
90/10,2min 90/10,5min 80/20,10min 70/30,12min 50/50,14min 90/10 and so on. Electrospray ionization
(ESI) acquisition was performed with the Auto MS/MS method in positive modes. For the mass
spectrometer following parameters were used including desolvation gas 950L/h, cone Gas 30 L/H,
desolvation temperature 450°C, source temperature 120°C, capillary voltage 3.22keV, cone voltage
50V, and collision energy 4ev. The gases used are N2and Argon with the pressure of 6-7 bar and 5-6
bar respectively.

3. Results and Discussion

Freshwater algae belonging to the genus Monoraphidium sp. are found all over the globe and are
noted for having a very extensive range of biotic communities [26]. Recently, MP has gained
recognition as a possible biofuel feedstock because of its adaptability to a variety of environmental
factors [27]. The potential of MP as a source of carotenoids, on the contrary side, has undergone less
investigation.

3.1. Morphology and Growth Analysis

In order to maintain the culture conditions in the photoautotrophic mode, the BBM medium was
used to analyze the biomass, lipid, and pigments production by MP. Figure 1 illustrates the
morphometric analysis of MP in BBM medium by confocal microscopy. The microalga develops
photo autotrophically for 15-30 days while absorbing light and ambient COz. In combination with
biomass production (mg/L), the quantity of lipids, carotenoids, and chlorophylls was periodically
measured. At the late exponential phase of the development, the maximum value of chlorophyll a
and b are recorded to be 12.7 and 8.6 respectively. This implies that while growth continues, the
chlorophyll content rises for a period of time ultimately commencing to decline after the early
stationary phase, which accounts for the end of the stationary phase. In contrast, in the late stationary
phase, the cell biomass and bioactive compound accumulation were found higher.

The morphology of the microalgae MP was examined using confocal microscopy after being
cultured in BBM media under photoautotrophic conditions. During the exponential phase, confocal
images of axenic MP cultures were recorded and are displayed in Figure 1.

To determine the precise quantities of lipids, carbohydrates, and protein in MP, a biochemical
examination was conducted as indicated in Figure 2. It was found that the percentages of lipid,
carbohydrate and protein in MP cultivated on BBM medium were 18.5%, 42%, and 35.21%,
correspondingly.

doi:10.20944/preprints202303.0382.v1
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Figure 1. Photomicrograph of MP (Scale bar: 10um) derived from morphological attributes.
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Figure 2. [llustration of biochemical analysis of MP.
3.2 Regression Modeling and Statistical Analysis

The outcomes of improved production of biomass, lipids, and carotenoids under various abiotic
stress scenarios were assessed and presented based on the design of the RSM-CCD. Design Expert
was implemented to determine the anticipated values and actual values in Table 1. According to
results computed using CCD design, the outcomes of augmented biomass, lipids, and carotenoids
production under distinct abiotic stress scenarios are displayed in Table 1 and the yields of
chlorophyll a and b obtained are provided in Table S1.
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Using RSM to perform regression analysis and curve fitting of the data, the relationship among
responses (biomass, lipid, chlorophyll a, chlorophyll band total carotenoids) and factor variables such
as Nitrogen (A), Phosphorous /Potassium(B), Sulphur (C), Light intensity (D)and photoperiod(E)
were obtained, which was expressed by the polynomial equations presented in Table 2. The equation
that was developed by the design expert appears in Table 2 with their corresponding Rada? values.

Table 2. The best-fitted models and the corresponding Raa? obtained from RSM-CCD for the biomass,
lipids, and pigments production.

Response Model Radj?
Biomass productivity (mg.L-1.d?)  =+38.71 +3.08XA+8.69 XB +2.68 XC 0.33
+17.74XD+0.4950XE
Lipid content (%) =+20.68 +1.64XA 0.41
+4.64XB+1.43XC+9.48XD+0.2645XE
Chlorophyll a yield (pg.ml?) =+12.18 +0.0744X A+0.8357XB+0.6287XC+2.44XD- 0.82

0.4549XE+0.6908XAB+0.9296
XAC+0.0032XAD+0.5578 X AE+2.40XBC+0.4617XB
D-0.9000XBE+0.4461XCD+0.4023XCE-
0.2485XDE+0.1134XA2-0.1134XB?+0.6203XC2-
6.10XD?+0.1341XE?

Chlorophyll b yield (ug.ml) =+4.34+1.60XA+0.5636XB- 0.29
0.3356XC+2.51XD+0.0567XE
Total Carotenoid yield (ug.ml')  =+4.87-0.8053XA-0.4848XB-0.1982XC+ 0.31

0.2919XD+1.94XE +0.2719XAB+0.1836XAC
+1.91XAD +3.14XAE +0.6001XBC+2.82XBD-
0.1718XBE-1.97XCD+1.69XCE+0.0983XDE

Figures 3-5, S1 and S2 depict a 3-D surface response plot of the association between factors and
response value achieved. The fitted model appeared accurate and could offer recommendations for
enhancing productivity employing suitable conditions, as illustrated in the 3-D surface response plot
of RSM Design Expert software’s regression equation underwent residual and variance analysis to
assess the efficacy of the selected model and the veracity of the anticipated results. Additional
evidence should be provided to support the effects of N, P+K, S, LI, and PP on the productivity of
biomass, lipid, chlorophylls, and carotenoids.


https://doi.org/10.20944/preprints202303.0382.v1

10.20944/preprints202303.0382.v1

doi

™
N
o
N
=
3]
B
c
=
N
N
B
@
2
7]
o
o
(=]
w
=
w
>
17]
£
oc
L
L
o
Tl
(@]
=
_~
o
S
o
@
&
=
=
S
()
S
o
3
3
2
&
S
S
<
Q

5000

7 :
L 75K Z
L £ o Lo
."‘!ltan.us
=

Z :
L2
AR p,
An-“'
"” ‘.“'“'z""'lraw
A2

e

SZ7
(ZH

=

5P

& = ~
H =3

(p/1/3ur) &y1anonpoad sseworg

5000

=
3
@

2000 Nitrogen (mg/L)

3000

2000

Sulphur (mg/L)

Nitrogen (mg/L)

100

Phosphorous + Potassium
(mg/L)

=
2
=3
7

=3
&

A
ZH2

=
7=

.
=,

s

LT~
i,
=7

""-ii

(p/71/3wr) Ky1apanpoid ssewolg

5000

=3 . o

(p/1/3w) Kyaponpoad sseworg

2000 Nitrogen (mg/L)

0

Photoperiod (h)

Nitrogen (mg/L)

Light intensity
(umol/m?/s)



https://doi.org/10.20944/preprints202303.0382.v1

10.20944/preprints202303.0382.v1

doi

(%]
N
(=]
N
L
o
B
©
=
N
(3]
e
(]
g
[72]
o
o
a]
w
=
=
S
i
.
o
|
[
o
|
o
P
_~
o
S
o
(2]
&
[=
=
S
)
S
=
s
s
2
8
S
S
g
Q

z + a

(p/1/8w) A31aponpoad sseworg

200

500

Light intensity

100

Phosphorous + Potassium

200

(umol/m?¥/s)

(mg/L)

Phosphorous + Potassium

100

Sulphur (mg/L)

(mg/L)

(p/1/8w) Kypandnpoad sseworg

(p/1/8m) Ay1ananpoad sseworg

200

Light intensity
(umol/m?/s)

Sulphur (mg/L)

Phosphorous + Potassium

Photoperiod (h)

60

W o:%“%
NSO
0

)
0%
8

NARRRRY
\
X

A

.,,..3
N
)

\
&
N
-'..

(p1/8w) Sraponpoad sseworg

..

A
s
Y
0y

oc /

200

140

Photoperiod (h) Photoperiod (h) Light intensity

)

Sulphur (mg/L

(nmol/m?/s)

3. 3-D surface and contour plots representing the interaction between the selected parameters

Figure

¢) N with LI, d) N with PP, e) P+K with S,

and j) LI with PP.

'’

1d, a) N with P+K, b) N with S

I, g) P+K with PP, h) S with LI, i) S with PP

on biomass yields in mg L

f) P+K with L

7


https://doi.org/10.20944/preprints202303.0382.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 March 2023

doi:10.20944/preprints202303.0382.v1

Lipid content (%)
Lipid content (%)

300

200

Phosphorous + Potassium

(mg/L)

Lipid content (%)
s

5000

150
Light intensity |25
(umol/m¥/s) 100

3000
2000

1000 Nitrogen (mg/L)

750

50

40

30

Lipid content (%)

Photoperiod (h)

Z

2752

2 AT ST AT AT A
'."

I AA AT 7

80
60

Sulphur (mg/L)

Ry,
227 o
LA T A2
A

5000

2000 Nitrogen (mg/L)
1000

3000
2000

Nitrogen (mg/L)



https://doi.org/10.20944/preprints202303.0382.v1

10.20944/preprints202303.0382.v1

doi

™
I\
=)
1Y
<

o

B

©
=
N
N

ts.org) | NOT PEER-REVIEWED | Posted:

.preprin

Preprints (www

(%) Juapuod pidry

(%) uapuod pidig

500

500

100 Phosphorous + Potassium
(mg/L)

Light intensity
(nmol/m?/s)

Phosphorous + Potassium
(mg/L)

Sulphur (mg/L)

N

9

0

Q'
)
3

(Y
()

9

0

)

(X

)

X

O
N

(%) yuayued prdry

%
0

&
9.
W

0

J

N

3
Q

)

200

140

Light intensity
(umol/m?/s)

40
75

Sulphur (mg/L)

Phosphorous + Potassium
(mg/L)

Photoperiod (h)

=
-

(%

= =

) Juajuod pidiry

4§
4
4§

Q

]

S

\

§

o

32

Light intensity

125

100

(umol/m?*/s)

80

16

Photoperiod (h)

Photoperiod (h)

Sulphur (mg/L)

4. 3-D surface and contour plots representing the interaction between the selected parameters

Figure

f) P+K

I, d) N with PP, e) P+K with S,

in %, a) N with P+K, b) N with S, ¢) N with L

id content
with LI, g) P+K with PP

on lip

j) LI with PP

h) S with LI, i) S with PP, and

7


https://doi.org/10.20944/preprints202303.0382.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 March 2023

d

o

i:10.20944/preprints202303.0382.v1

Total carotenoid (ng/ml)
Total carotenoid (ng/ml)

5000

2900 Nitrogen (mg/L)

100

Phosphorous + Potassium

(mg/L)

g

el =
2 E
-] =
3 25 2

2 s
2 T2CL =]
3 OS2 s
=4 oy =
g IS )
ZoZS b

= ==
] S =
- TS =
S e b
= S>> ]
TSI =
== 8
ST S
2SS =

[
0

5000

150 3000

L . 2000
Light intensity

(mol/m?/s) Nitrogen (mg/L)

WK

16

Photoperiod (h)

i
{
{/

{J
{

)
)
h
/)

U
NN
D
"::: l:ffg"f"f'"

h

5000

2000 Nitrogen (mg/L)
1000



https://doi.org/10.20944/preprints202303.0382.v1

10.20944/preprints202303.0382.v1

doi

(3¢
(2]
(=3
N
L
o
B
©
=
AN
(3]
5
()
o
(1]
o
o
[a]
w
=
w
>
i
o
o
|
w
o
|
(@]
=z
=
S
5
(2]
&
[=
=
o
(0
S
e
S
s
2
8
I
5
g
Q

DU
A
GO0
QOO
A
N
AR

[
VA

a.

N

RO

)
W
N

W)

O
F.._,,:.:

WA
AN

)
0

)

4§

)

)
il

500

Light intensity

125
100

(umol/m?/s)

200

150

125

175
Light intensity
(umol/m?/s)

2 Y1)

O

AL

Y X

100

ous + Pot

(mg/L)

Ph

(mg/L)

20

(qu/8n) prouajored [go],

100
80
60
40
20

120

Sulphur (mg/L)

w = " =

- (qu/3ri) prouajo.ed [eyoL,

140

500

Phosphorous + Potassium

100

A
(XN
(X )
S5
AN
N
OSSR
OGN
X " %
OO
AKX
o
S
&5

X
000,04
XXX
XS

Photoperiod (h)

75

(mg/L)

b GO

40000090,
100000069,

OO0
e

(X
S

N
3,
)

MR
NSNS
W

A

AN
.,hﬁwmmﬁmwo
.@ﬂ@#@@«»

i\

QUOOOBNAN
LN

(quy/d) prouajosed [ero],

22

\
A (N
&

N

N
W
o

)

X
.,.qmﬂ.
Y

N
AN
A

200

140

120

Photoperiod (h)

Photoperiod (h)

60

80

Light intensity

Sulphur (mg/L)

(umol/m?/s)

75

3-D surface and contour plots representing the interaction between the selected parameters

Figure 5.

P, e) P+K

a) N with P+K, b) N with S, ¢) N with LI, d) N with P

with S, f) P+K with LI, g) P+K with PP, h) S with LI, i) S with PP, and j) LI with PP.

-1

on total carotenoids yields in ug mL

-value of responses in correspondence to

Table 3 shows that the model had an F value and p
factors influence. The greatest impact was produced by a combination of five distinct abiotic factors.

The Rad? coefficient represented the model’s dependability. The regression model and the actual

values exhibited a strong correlation, as evidenced by the value of Radj

2, and yet this model had a

great chance of accurately predicting the outcome of the experimental setup. The test has great
reliability and precision, as demonstrated by the coefficient of variation, reflecting the repeatability
of the test, being considerably low. Overall consistency was significant, which showed that perhaps
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the experimental design had been effectively driven. In essence, the regression model has a successful

track record.

Table 3. Analysis of variance (ANOVA) for the proposed regression models.

Response Model Coefficient ~df  Standard Mean  F-value p-value
term estimated error Square
Biomass Intercepts 29.06 1 2.75 862.17 5.20 0.0010
A 3.08 1 3.22 151.53 09135  0.3454
B 2.68 1 3.22 11496  0.6931 0.4105
C 0.4950 1 3.22 3.92 0.0236  0.8786
D 13.90 1 5.15 1207.42 7.28 0.0104
E 13.31 1 3.22 2833.02 17.08 0.0002
Lipids Intercepts 15.53 1 1.47 246.07 5.20 0.0010
A 1.64 1 1.72 43.25 0.9135  0.3454
B 1.43 1 1.72 32.81 0.6931 0.4105
C 0.2645 1 1.72 1.12 0.0236  0.8786
D 7.43 1 2.75 344.61 7.28 0.0104
E 7.11 1 1.72 808.58 17.08 0.0002
Chlorophylla  Intercepts 10.72 1 0.7372 22.69 10.69  <0.0001
A -0.3409 1 0.5689 0.7621 0.3591 0.5551
B -0.9199 1 0.5689 5.55 2.61 0.1201
C 0.1472 1 0.5689 0.1421 0.0670  0.7982
D 1.37 1 1.25 2.55 1.20 0.2848
E 3.91 1 0.5689 100.41 4732 <0.0001
AB 0.9296 1 0.7284 3.46 1.63 0.2152
AC 0.5578 1 0.7284 1.24 0.5865  0.4519
AD 1.11 1 1.17 191 0.8995  0.3532
AE 0.0024 1 0.7284 0.0000  0.0000  0.9974
BC 0.4023 1 0.7284 0.6472  0.3050  0.5863
BD 3.83 1 1.17 22.95 10.81 0.0034
BE 0.3345 1 0.7284 04477 02109  0.6505
CD -1.44 1 1.17 3.24 1.53 0.2296
CE -0.1864 1 0.7284 0.1389  0.0655  0.8004
DE 0.5540 1 1.17 0479 02260  0.6392
A? 0.1134 1 0.5758 0.0823  0.0388  0.8457
B2 0.6203 1 0.5758 2.46 1.16 0.2930
C? 0.1341 1 0.5758 0.1151 0.0542  0.8180
D? -0.2904 1 1.47 0.0823 0.0388  0.8457
E? -3.43 1 0.5758 75.40 35,53  <0.0001
Chlorophyllb  Intercepts 3.38 1 0.4599 20.92 4.53 0.0026
A 1.60 1 0.5375 41.11 8.89 0.0050
C -0.3356 1 0.5375 1.80 0.3898  0.5362
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E 0.0567 1 0.5375 0.0514  0.0111  0.9166

B 0.9018 1 0.8601 5.08 1.10 0.3012

D 1.88 1 0.5375 56.56 12.23 0.0012

Total

carotenoids Intercept 4.87 1 0.4612 10.62 2.28 0.0299
A -0.8053 1 0.8419 4.25 0.9148  0.3473

B -0.4848 1 0.8419 1.54 03316  0.5695

C -0.1982 1 0.8419 02575  0.0554  0.8157

D 0.2919 1 0.8624 05324  0.1145  0.7376

E 1.94 1 0.8419 24.57 5.29 0.0295

AB 0.2719 1 1.08 0.2957  0.0636  0.8028

AC 0.1836 1 1.08 0.1349  0.0290  0.8660

AD 191 1 1.72 5.70 1.23 0.2779

AE 3.14 1 1.08 39.36 8.47 0.0072

BC 0.6001 1 1.08 1.44 0.3100  0.5823

BD 2.82 1 1.72 12.42 2.67 0.1138

BE -0.1718 1 1.08 0.1180  0.0254  0.8746

CD -1.97 1 1.72 6.09 1.31 0.2624

CE 1.69 1 1.08 11.41 2.46 0.1288

DE 0.0983 1 1.72 0.0151 0.0032  0.9550

3.2.1. Biomass Model

The Model F-value of 5.20 indicates that the model is statistically significant. There is barely a
0.10% probability that an F-value this large could arise owing to noise. Model terms are significant
when their P-values are lower than 0.0500. The conceivable combinations of experiments are shown
in Table 1, wherein the biomass is the primary response, based on the CCD paradigm and responses.
Following the RSM combinations performed, we recorded the experimental data (Figure 3). The
biomass ranged significantly from 7.8 to 75.4 mgL-1d! contingent on the nutrients of the medium and
illuminance conditions. With a high-order polynomial regression equation, the linearly fitted model
was obtained as depicted in Table 2 has been synched to the data and showed no significant lack of
fit that can appropriately represent the interaction here between factors and response. The relevance
of the linear models for biomass was evaluated employing analysis of variance (ANOVA), and thus
the outcomes are reported in Tables 2 and 3. Biomass is hugely affected by N (5000 mg L-1), P+K (250
mg L), S (70 mg L), LI (137.5 pmolm2s'), and PP (24 h). With a coefficient of 29.06, the correlation
between predicted and actual values was remarkable. Furthermore, a 3-D response surface plot
illustrates the effects of N, P+K, S, LI and PP individually or in combination on biomass concentration
and adequately optimizes the verified variables. To boost biomass productivity, this study is one of
the few to explore CCD utilizing numerous variables, including N, P+K, S, PP, and LL

3.2.2. Lipids Model

The second response was total lipids content, and the highest order polynomial fitted model
presented in Table 3 was achieved, with a distinctive linear regression equation appropriate for the
data, and no significant lack of fit Ras? of 0.3, implying that the experimental data were very well
fitted to the linear model. Only statically meaningful terms with p-values less than 0.05 were selected
for model calibration. The influence of N, P+K, S, PP and LI on lipids was characterized empirically
using regression coefficients. The lipid content is governed by many parameters estimates, each of
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which has a favorable overall impact on the lipid content. The 3-D response surface plot with the
contour map shown in Figure 4 demonstrates significant information that confirms whether an
optimum stress condition boosts the lipids and enables them to attain their highest prevalence.

3.2.3. Chlorophyll a and b Model

In subsequent research on the chlorophylls, the quadratic and linear models for chlorophyll a
and b, correspondingly, were constructed by RSM-CCD design experts. The model’s adequacy is
demonstrated by the p-value of less than 0.05 for each model term. The significance of the model is
increased by a lower p-value and a larger magnitude of the factors. The best-fitting model, according
to the data, was quadratic and linear. The surface model shows that several actual data values are
lower than predicted values and some are higher than projected values, as indicated in Table S1.
Table 3 shows a coefficient of 10.72 for chlorophyll a and 3.38 for chlorophyll b. Moreover, the highest-
order polynomial equations indicate that the models are substantial.

3.2.4. Carotenoids Model

Apart from chlorophylls, a total carotenoids investigation was indeed carried out, and the 2FI
model emerged through a statistical analysis of the data. This paradigm states that each factor has a
unique and distinct consequence on response. Ras? of 0.31 and a p-value of 0.029 indicate the
robustness of the models. The model is presumably remarkable given its Model F-value of 2.28. There
is only a 2.99% probability that an F-value this large may arise owing to noise. The 3-D surface plot
and contour lines revealed that the diverse circumstances had differential effects on the responses
(Figure 5). Furthermore, the 3-D model shows the best model-fitted ranges N, P+K, S, LI, and PP.

3.2.5. Model Validation

MP was cultivated for 30 days to validate the results, and the values that were acquired are
shown in Table 1. Quantification of biomass, lipids, chlorophylls, and carotenoids was also
performed using spectrophotometric and gravimetric approaches. These findings confirmed the
model’s applicability, and the experimental values corresponded with the predicted values.

3.3. Effect of Distinctive Abiotic Stresses on the Yield of Biomass, Lipids, Chlorophylls, and Carotenoids

MP showed a dynamic growth pattern in photoautotrophic (BBM) conditions, yielding a
maximal of 28.3 mg L-'d! biomass productivity, 106 mg L of lipids, and 3.76 pug mL" of total
carotenoids during the stationary phase. On the contrary side, in optimized stress condition, the
greatest biomass productivity was 75.4 mg L-d", lipid production of 542.8 mg L, and total
carotenoid production of 16.25 pg mL* were recorded on the 18th day after inoculation.

Abiotic stress variables have already been linked to direct effects on lipids and carotenoid
content in prior findings [28]. In this study, a wide range of abiotic stressors were adjusted with an
emphasis on boosting carotenoid synthesis while enhancing the ability to produce biomass and lipids
levels. Carotenoids and lipids production is directly correlated with biomass production, irrespective
of various external factors including light, nutrition, temperature, etc. As shown in Figure 6. N, P+K,
S, LI, and PP promoted the accretion of biomass, carotenoids, and lipids. Aggrandizement of biomass,
fatty acid, and carotenoid production emerges when several abiotic factors are combined as
compared to the control. For D. salina amid illumination and nitrogen deprivation stress conditions,
a concomitant rise in beta carotene and TAG accumulation has been reported [29]. Kaha et al., 2021
reported that Monoraphidium sp. SP03 has increased astaxanthin concentration under black light
(0.476ug/mL biomass) than under control (0.363 pg/mL biomass) [30]. Nitrogen stress factor
adjustment has been widely used to improve lipid formation in microalgae such as Chlorella Vulgaris
and Scenedesmus sp. [31]. Therefore, nutrients and illumination stress constitute a feasible paradigm
that can be employed in MP for industrial applications, as it triggers the synthesis of significant
quantities of carotenoids and lipids. Recent investigation has focused on MP’s ability in the biofuel
area, although the immense potential in the pharmacological and nutraceutical industries has largely

doi:10.20944/preprints202303.0382.v1
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gone untapped. The very first time the precise pharmacological potential of MP has indeed been
articulated in this research, here to the best of our knowledge.
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Figure 6. Comparative growth kinetics of MP under control and optimized abiotic stress condition.

3.4. Visualization of Lipophilic Compounds via Confocal Microscopy

Carotenoids are lipophilic substances found both within and outside chloroplasts that can be
visualized as red globular aggregates employing confocal microscopy and the Nile Red strain, as
illustrated in Figure 7. Optimizing multiple stress conditions, Nile red staining and fluorescence
examination revealed the presence of lipophilic compounds within a cell. In contrast to the control,
fluorescence obtained reveals that the accumulation of intracellular lipid, carotenoid, and chlorophyll
inside the optimized MP cells is higher as depicted in Figure 4.


https://doi.org/10.20944/preprints202303.0382.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 March 2023 doi:10.20944/preprints202303.0382.v1

Figure 7. Nile-Red-stained fluorescence microphotographs of MP that were examined at a
magnification of 60X. The culture conditions were A) Control, BBM medium, and B) Optimized
abiotic stresses. Dynamic duplex filters were applied to arbitrate the chlorophyll exhibited in A1, B1,
and the lipid displayed in A3, and B3, with their respective green and red colors. The combination of
red and green in A2, and B2, produces the color yellow.

The above findings reinforce our notion that the proportions of light and nutrients have a
substantial impact on the aggregation of metabolites in MP. Usually, carotenoids are classified into
two sorts including carotene (a carotene, 3 carotene, and lycopene) and phylloxanthin (astaxanthin,
lutein, fucoxanthin, and zeaxanthin). Primary carotenoids are produced by the photosynthetic
machinery in microalgae, while secondary carotenoids are produced when stressed cells are
encountered [32]. Nutrient limitation improves carotenoid production for microalgae culture under
a variety of abiotic stress conditions such as light intensity, salinity, and temperature [33].

3.5. Implication of Antioxidant Capacity under Multiple Abiotic Stresses

Microalgae under combinations of abiotic stress boosted ROS production to fend off the adverse
consequences of the environment. A non-fluorescent cell-permeable probe termed DCFH-DA is
transformed by cellular hydrogen peroxide or other peroxides into an extremely fluorescent
compound known as DCF.

As illustrated in Figure 8, the internalized ROS generated as a result of multiple abiotic stimuli
exhibits a significant elevation of ROS level in comparison to the control. MP developed a
sophisticated pathway for evoked production of fatty acids and carotenoids to endure the adverse
effects of these diverse abiotic stresses. It was ascertained that additional motile electrons in the light-
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induced electron transportation chain have been sequestrated to preclude the decrement of oxygen
molecules for ROS formation, which inevitably prohibits the decrement of oxygen molecules from
ROS generation [34]. The precise mechanism underlying this ROS formation remained unclear. A
model for the concomitant production of carotenoids and TAG in microalgae was proposed by Kou
et al. in 2020 [35]. They hypothesized that when microalgae are exposed to diverse abiotic stresses,
critical genes in the carotenogenesis and lipogenesis pathways are triggered, culminating in the
simultaneous evoked synthesis of carotenoids and TAGs, which are then deposited in lipid droplets.
It was believed that augmented ROS may affect both pathways’ transcriptional regulation on
exposure to abiotic stress. As a secondary messenger, ROS may indeed lead to oxidative stress when
it is synthesized in overabundance. To counteract this, microalgae establish a complex mechanism
involving the contemporaneous elicited production of carotenoids and TAGs, which subsequently
reduces ROS levels [35]. According to this finding, the photoprotective function and light-harvesting
complexes of carotenoids in the cell compartments both contribute to carotenoid damage by reducing
singlet oxygen production and scavenging free radicals that are triggered by high light and nutrient
deficiency. [36]. In D. salina, increasing the light intensity led to an increase in the production of 3
carotene [37].
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Figure 8. Reactive oxygen species (ROS) assessment in MP amid multiple abiotic stress conditions.

3.6. Carotenoid Profiling by UPLC-Q-TOF-MS

The outcomes of the carotenoid identification process are presented in Table 4. To achieve
precise quantification and structural insights into the carotenoids in the MP-derived carotenoids
sample, UPLC-Q-TOF-MS was used. Astaxanthin, violaxanthin, lutein, cis-carotene, and beta-
carotene were detected in the MP carotenoids samples with retention times of 28.07, 30.41, 31.76,
33.67, and 33.92 min., respectively. The existence of all these carotenoids in MP was corroborated by
the mass spectrometry of the extracted compounds.
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Figure 9. UPLC-QTOF-MS mass spectra (ESI, positive ion mode) of (a) astaxanthin, (b) violaxanthin
(c) lutein (d) Zeaxanthin (e) Beta carotene.

Table 4. Carotenoids profiling by UPLC-Q-TOF-MS.

S. No Retention Time Compound % Fraction Molecular Molecular Abducts Obtained
77" Control Stressed P Control Stressed Mass Formula mass
7,8-

1 28.07 28.07 Didehydroas 14.8 17.7 594.823 C40H5004 M+K-2H 631.31
taxanthin

2 30.41 30.41 Violaxanthin 3.61 4.85 600.870 C40H5604 M-H 599.413

3 3176 3176 CWEINO6 g1 3303 58487l C40HB603  M-H 58341
epoxide
All-cis-3

4 33.67 33.67 7.62 8.19 536.873 C40H56 M-H 599.411
carotene

5 33.92 33.92 [ carotene 24.41 26.46 600.8 C40H5604 M-H 599.411

While astaxanthin and violaxanthin’s peak sizes have increased under stress conditions, it has
been noted that the number of carotenoids acquired under control and stressful conditions are
identical. Nonetheless, the lutein exhibits the longest peak in the resulting chromatogram. All
carotenoids synthesized under optimal stress conditions are rising, although astaxanthin and
violaxanthin display a substantial improvement of 1.19 and 1.34-fold, respectively. Although lutein
declined by 1.32-fold under stress compared to control, all-cis- 3 carotene and 3 carotene additionally
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showed a modest rise of 1.07 and 1.08-fold, correspondingly. In a study conducted on T. striata CTP4
grown under intense heat and light duress, violaxanthin, beta carotene, and lutein concentrations
were enhanced [38]. In addition to chlorophyll a and b, carotenoids such as carotene, violaxanthin,
neoxanthin, and lutein are included in the Chlorophyceae [39]. A. quadricellulare PUMCC 5.1.1 yielded
47.0, 28.7, 15.5, and 14.0 pg B-carotene, lutein, astaxanthin, and canthaxanthin mg- dry biomass,
respectively [40]. Lutein is a form of xanthophyll found in green microalgae such as S. almeriensis,
Muriellopsis sp., and C. zofingiensis [41]. Numerous studies have revealed that astaxanthin is a valuable
secondary carotenoid produced in abiotic/biotic stress situations [42]. Ankistrodesmus sp. convolutes
grew in nitrogen and light stress were found to produce violaxanthin and astaxanthin, according to
yet another investigation [43].

4. Conclusions

The outcomes of the optimization revealed that the production of lipids and carotenoids, which
are crucial to the pharmaceutical and nutraceutical industries, becomes commercially conceivable in
providing nutrition and illuminance stressors in combination. Many economically significant
carotenoids, including astaxanthin, violaxanthin, lutein, cis-carotene, and beta-carotene, were
isolated from MP. The optimum conditions to get maximal lipids and carotenoids from abiotic stress
modulation were identified as 5000 mg L' N, 250 mg L' K:P, 70 mg L' S, 137.5 pmolm2s1 LI, and 24
h PP with a yield of 75.4 mg L-'d' biomass, lipid production of 542.8 mg L, and total carotenoid
production of 16.25 pug mL*. Modulation of numerous abiotic stress variables has a significant
influence on carotenogenesis and lipogenesis in MP, yielding elevated amounts of carotenoids and
lipids. Five distinct carotenoid compounds of commercial interest in the pharmaceutical and
nutraceutical industries were detected employing UPLC-Q-TOF-MS. This research discloses that MP
is a feasible option for commercial application in the food, feed, and healthcare industries due to its
enormous ability to yield lipids and carotenoids in considerable amounts under optimal conditions.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: 3-D surface and contour plots representing the interaction between the
selected parameters on Chlorophyll a yield (ug ml?), a) N with P+K, b) N with S, ¢) N with LI, d) N with PP, e)
P+K with S, f) P+K with LI, g) P+K with PP, h) S with LI, i) S with PP, and j) LI with PP; Figure S2 3-D surface
and contour plots representing the interaction between the selected parameters on Chlorophyll b yield (ug ml-
1), a) N with P+K, b) N with S, ¢) N with LI, d) N with PP, e) P+K with S, f) P+K with LI, g) P+K with PP, h) S with
LL i) S with PP, and j) LI with PP; Table S1: Optimization of a combination of nutrients and light by RSM-CCD
matrix for the analysis of Chlorophyll a and b.
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