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Abstract
Flavonoids are the secondary metabolites synthesized by microalgae and have diverse applications in various fields. The present
study compares among two microalgal strains, Chlorella vulgaris (CV) and Chlorella pyrenoidosa (CP), for the production of
flavonoids and lipids, which were cultivated inmixotrophic as well as autotrophic modes. This study also focuses on the role of L-
phenylalanine as a supplement to enhance flavonoids. The current work establishes the relation between nitrates, external carbon,
and L-phenylalanine for enhanced production of flavonoids and lipids. The extracted flavonoids were found to be maximum in
CP-autotrophic mode followed by CV-mixotrophic mode with 138 μg/ml and 118 μg/ml, respectively. The common flavonoids
observed with both the microalgal strains were quercetin, catechin, and p-coumaric acid. In comparison, the production of the
maximum lipid of 23.7% was reported with mixotrophic operation in CV, followed by CP (19.4%). The scavenging activity of
the extracted flavonoids was determined using a hydrogen peroxide assay and was found to be in the range of 63–73% at all
experimental conditions. CP was found to produce more flavonoids in autotrophic mode, whereas mixotrophic mode showed
maximum production of lipids and flavonoids in the CV. The simultaneous production of high value-added products, viz.,
flavonoids and lipids, not only paves a pathway for the biorefinery approach but also elevates the commercial potential during
scale-up.
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1 Introduction

Nowadays, an urge to discover novel and useful drugs against
resistant pathogenic strains has increased. Natural products
such as flavonoids are gaining significance in pharmaceuti-
cals, neutraceutical, and cosmetic industries [1–3].
Flavonoids are the secondary metabolites that belong to the
polyphenols class, which act as modulators of intracellular
communications. Moreover, they also alter the phosphoryla-
tion state of the target molecules and can function as enzyme
activity modulators [4]. To understand and improve the stress
responses, researchers have focused on the signaling percep-
tion, transcriptional regulation, and expression of functional
proteins in the stress response mechanisms [5]. Flavonoids
have been known for their therapeutic properties like anti-
oxidative, anti-mutagenic, and anti-carcinogenic that can
avoid premature aging of the cells [6]. It is a belief that flavo-
noids are present mainly in plants, but recent studies show that
microalgae have the enzyme pool required for flavonoid bio-
synthesis [7]. Algae is a known source for several classes of
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bioactive compounds that protect against oxidative degenera-
tion [8]. Several secondary metabolites like phenols, flavones,
flavonols, pigments (β-carotene), sulfated polysaccharides,
and vitamins are effectively explored in feed and pharmaceu-
ticals, as well as nutraceutical industries [9].

Algae are recognized as the world’s oldest plants. Their
earliest presence is from around 1.5 billion years old [10].
They are facilitating a potential bioeconomy that involves
photosynthetic microalgae as the leading player and requires
investigations for finding a path toward biofuel and
bioproduct generation. The engineering and commercial ob-
stacles to deploying algae-derived biofuels and bioproducts on
the market are of particular concern [11]. One way to lower
biofuel prices is always to reduce the expense of growing
biomass. The latest techno-economic current research report-
ed the need for reduced costs, thereby facilitating the econom-
ic feasibility of biofuels [12]. A few of these microalgal spe-
cies can be quickly grown on an industrial scale to retrieve
bio-active molecules for its use in the pharmaceutical sector,
human and animal consumption, beauty products, and biofuel
industries. Flavonoids extracted from red, green, and brown
algae have a uniqueness in its molecular framework and struc-
tures that lead to significant antioxidant activity [13].

In general, the flavonoids are synthesized along the
phenylpropanoid pathway [14], and in the presence of L-phe-
nylalanine, flavonoid production is enhanced [15]. In the past
few years, microalgae have gained a great interest in biodiesel
production due to the ease in its cultivation, high photosyn-
thetic efficiency, and high amount of triglyceride production.
However, the relative amount of lipid accumulation was low-
er, which resulted in expensive biodiesel production [16, 17].
One of the possible solutions for economic feasibility in the
production of biodiesel by using microalgae is the simulta-
neous production of value-added products such as flavonoids
along with lipids. This can be achieved only in the stress
condition. Under nutrient stress conditions, the growth is
inhibited, and the fixed carbon of algal biomass is predom-
inantly converted to secondary metabolite in most cases
[18]. Nitrate stress leads to the accumulation of small mol-
ecules with antioxidative activity like flavonoids. It has
often been discussed with respect to their role in mitigating
the accumulation of secondary matabolites induced by
stresses [19].

The main focus of this study is to enhance the synthesis of
flavonoids by supplementing L-phenylalanine and simulta-
neous lipid extraction along with flavonoids. The experiments
were performed to comparatively evaluate the efficiency of 2
different microalgal strains, viz., Chlorella vulgaris (CV) and
Chlorella pyrenoidosa (CP), for simultaneous production of
both lipid and flavonoids under mixotrophic and autotrophic
modes of operation. The work presented in this study, i.e., the
simultaneous production of flavonoids along with lipid extrac-
tion for biodiesel production, is first of its kind.

2 Materials and methods

2.1 Inoculum preparation

Mother cultures of both CV (collected from JNTU,
Hyderabad) [11] and CP (NCIM no. 2738) were maintained
at 28 °C for 20 days in sterile BG-11 media and under illumi-
nation 55 μmol m−2 s−1 (16:8 photoperiod). For the present
study, the subcultures of CV and CP were cultivated in auto-
trophic and mixotrophic modes, as mentioned in Table 1.

Also, to enhance the production of flavonoids, L-phenylal-
anine was added at the end of the growth phase (10th day) in
both modes of cultivation of CV and CP. The end of the
growth phase was determined by the exhaust of nitrogen
source supplemented through media along with external car-
bon in mixotrophic mode. From each cultivation conditions,
viz., CV-autotrophic, CV-mixotrophic, CP-autotrophic, and
CP-mixotrophic, 100 ml of microalgal culture was taken and
dried in a hot air oven for 48 h. For the extraction of flavo-
noids, cells were disrupted using a pestle and mortar with
methanol as a solvent. The resultant mixture was heated at
70 °C for half an hour, followed by centrifugation at
10,000 rpm for a period of 10–15 min. The supernatant and
the pellet were further subjected to flavonoid estimation and
lipid extraction [20].

2.2 Estimation of flavonoids

To study the presence of flavonoids, a qualitative estimation
of flavonoids was performed [21]. Briefly, a diluted ammonia
solution of 2.5 ml was added to aliquot methanolic extracts
(1 ml). The algal extracts’ total flavonoid concentration was
found using an adapted Dowd method, as explained by
Arvouet-Grand et al. [22]. Briefly, 200 μl of the extract was
mixed with the same volume of 10%AlCl3 made in methanol.
Furthermore, 0.2 ml of potassium acetate and 1.8 ml of dis-
tilled water were added to this mixture and incubated for
30 min at room temperature [23]. The total flavonoid was
determined by measuring the sample absorbance at 415 nm.
The standard calibration curve for the total flavonoid content
was expressed in equivalents of quercetin.

2.3 Thin-layer chromatography and high-
performance liquid chromatography

Thin-layer chromatographic (TLC) analysis of microalgal
methanol extracts was performed using a stationary phase
comprising a plate with aluminum silica gel 60F254 (Merck)
with a size of 10 × 10 cm [24]. All four samples were loaded
onto silica plates using capillary tubes. The mobile phase
employed was petroleum ether: ethyl acetate (2:1 (v/v)) for
screening flavonoids for all samples. The retention factor
(Rf) value of samples was calculated using Eq. 1
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Rf ¼ Distance traveled by solute=Distance traveled by solvent� 100 ð1Þ

Themethanolic extract of the algal sample was dissolved in
acetonitrile and methanolic extract to analyze flavonoids by
reverse-phase HPLC (RP-HPLC, Waters 2489 Empower)
[25]. The mobile phase was a combination of acetonitrile:
acetic acid (in 1:9 ratio), and the sample was eluted through
a 5-μm spherical C18 column (Sun fire, 4.6 × 250 mm) at a
flow rate of 1 ml/min. The injection volume and retention time
were 50 μl and 40 min, respectively. The absorbance was
monitored at 470 nm with the help of a PDA detector, and
the sample solutions were filtered using 0.2-μm syringe
filters.

2.4 Biochemical analysis

2.4.1 Estimation of dry cell weight

The obtained biomass (Thermo Science Sorvall ST16R) was
centrifuged at 5000 rpm for 5 min at 28 °C after the growth
process. The dry weight measurement was obtained by pipet-
ting 2 ml of algal sample on to a pre-driedWhatman no.1 filter
paper (FP) by gravimetrical analysis. The dry weight was
analyzed for every 24 h and was considered as the variance
of filter paperweights with and without sample. The dry cell
weight of the samples was calculated using Eq. 2.

Dry Cell Weight

¼ Final weight of FP–Initial weight of FPð Þ ð2Þ

2.4.2 Estimation of nitrates and chlorophyll

The exhaustion of the growth phase was estimated by analyz-
ing the nitrate concentration. The utilization of nitrates during
the growth phase of microalgae was observed as complete
depletion of nitrogen source leading to the stress phase. It
was analyzed according to the protocols given in standard
methods, which were widely accepted [11, 13]. Estimation
of nitrates was carried out for every 2 days. In short, 10 ml
of culture from all the experimental conditions has been ob-
tained, and samples were centrifuged to extract the superna-
tant. Later, nitrates were analyzed by adding 1 ml of

concentrated hydrochloric acid, and the concentration was
determined at 220 nm.

For the estimation of chlorophyll in the samples, 10 ml of
microalgal culture was centrifuged at 10,000 rpm for 10 min.
The pellet was resuspended and incubated in 10-ml ethanolic
KOH for 10 min. The extract was centrifuged at 5000 rpm for
3 min. Optical density measurements were performed with the
aid of a UV-visible spectrophotometer (ELICO 210) at
647 nm and 664 nm to estimate both chlorophyll A and B as
specified in the Eqs. 4 and 5 [26].

Chlorophyll A ¼ –193*Ab@647 nmð Þ
þ 11:93*Ab@664 nmð Þ ð4Þ

Chlorophyll B ¼ 20:93*Ab@647 nmð Þ
þ 5:5*Ab@664 nmð Þ ð5Þ

Total Chlorophyll ¼ Chlorophyll Aþ Chlorophyll B ð6Þ

2.4.3 Estimation of lipids and transesterification

The total lipid extraction was performed by following the
Bligh and Dyer method, which is a well-known procedure
for lipid extraction [27]. Samples were subjected to (2:1) chlo-
roform: methanol as solvents. The extract was taken into a
pre-weighed lipid vial and dried at 70 °C. The lipid percentage
of the sample was quantified gravimetrically using Eq. 7.

Lipid Percentage %ð Þ
¼ Initial Weight–Final Weightð Þ= weight of sampleð Þð Þ*100

ð7Þ

Transesterification was performed by refluxing lipids ex-
tracted previously by adding 10 ml of methanol with 2% sul-
furic acid to the sample tubes. The tubes were placed on a hot
plate at 65–70 °C for 4 h. Ethyl acetate and water were added
to the residue in the ratio (1:1). Using sodium sulfate (anhy-
drous), the organic phase comprising fatty acid methyl esters
(FAME), isolated from the aqueous phase, was segregated.
With the solvent recovered, the organic phase was evaporated,
and the FAME mix was collected in a tube.

Table 1 Modes of operation of
microalgal strains Microalgal strain Mode of operation Media constituents

Chlorella pyrenoidosa Autotrophic BG-11

Chlorella pyrenoidosa Mixotrophic BG-11 + C6H12O6;Na2HCo3at 3 g/l each

Chlorella vulgaris Autotrophic BG-11

Chlorella vulgaris Mixotrophic BG-11 + C6H12O6;Na2HCo3at 3 g/l each
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Previously collected FAMEmix was subjected to gas chro-
matographic analysis (Agilent 7890 B), which was fitted with
a FI detector via the capillary column DB-225 (30 m ×
0.25 mm i.d × 0.25 um film thick). Inert nitrogen was used
as the carrier gas (1.5 ml/min) at an oven temperature of
160 °C for 2 min until analysis (at 300 and 325 °C of injector
and detector temperatures, respectively). The temperature was
subsequently raised to 3000 °C at a 50 °C/min ramp and
maintained for 20 min. Comparison of the FAME formulation
with standard FAME mix C4–C24 (18919-1AMP SUPELCO)
[28] was made.

2.4.4 Scavenging activity by hydrogen peroxide assay

Methanolic extracts of microalgal biomass were analyzed for
scavenging activity [29]. A 2mMH2O2 solution was prepared
in 50 mM phosphate buffer at a pH of 7.4. And 0.1 ml of the
sample was made up of 0.4 ml using phosphate buffer. 0.6 ml
of the H2O2 solution was added to the samples. The samples
were then incubated for 10 min. The absorbance of samples
and control (H2O2) was measured at 560 nm against the blank.

3 Results and discussion

3.1 Estimation of biomass, chlorophyll, internal
carbohydrates, and nitrates

Dry cell weights of both microalgal biomass under 2 different
operational conditions, viz., autotrophic and mixotrophic
modes, showed linear increment up to 16th day, after which
a gradual decrease was observed until the 20th day (end of
stress phase) (Fig. 1). The maximum dry cell weight of 13.7 g/
l was observed with CV-mixotrophic followed by CP-
mixotrophic (12.9 g/l), CV-autotrophic (12.15 g/l), and CP-
autotrophic (11.2 g/l). Maximum biomass was obtained in a
mixotrophic mode, which can be attributed to the provision of
light and external carbon sources [30].

In plastids, the existence of chalcones synthase gives a
benefit of the doubt that chlorophyll content and flavonoid
synthesis might be related. The possibility of a multi-
branching system of flavonoid-producing enzymes has been
reported [31]. Hence, chlorophyll estimation has been per-
formed in the current study at regular intervals. A gradual
increase in chlorophyll content was observed during the study

Fig. 1 Dry cell weight of algal strains in different modes

Fig. 2 Total chlorophyll content

Fig. 3 Internal carbohydrates
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(Fig. 2). As indicated in Fig. 2, the highest chlorophyll content
of 14.818 μg/g was observed with CP-mixotrophic followed
by CV-mixotrophic (12.779 μg/g), CP-autotrophic
(10.868 μg/g), and CV-autotrophic (6.4579 μg/g). This indi-
cated that CP had higher chlorophyll content in comparison
with CV. However, in the current study, there was no signif-
icant correlation between flavonoids and chlorophyll content
observed as anticipated. In support of this, it can be stated that
the chloroplast might not have a role in the biosynthesis of
flavonoids in microalgae [32].

Carbohydrates in microalgae are generally attributed to
biofuel production. In order to compare two different prod-
ucts, biosynthesis and its correlation with internal carbohy-
drates were assessed. In all four experimental variations, the
internal carbohydrate accumulation was observed in the pres-
ent study. As indicated in Fig. 3, it was indicated that more
internal carbohydrates were accumulated in mixotrophic con-
ditions in both the Chlorella strains used in this study. Also,
among the four strains, CV-mixotrophic accumulated the
maximum amounts of carbohydrates. This might be attributed
to the conditions maintained in mixotrophic mode.

Nitrates play a pivotal role in both the microalgal cultures,
either in enhancing the biomass production or the depletion of
nitrogen source eventually leading to the accumulation of sec-
ondary metabolites: this can be achieved by hindering bio-
mass growth at low nitrate level. Hence, the determination

of nitrate concentration can vary with respect to growth and
stress phases of microalgal growth operation and also paves a
way to identify the accumulation of secondary metabolites. It
has been described that low nitrogen tends to accumulate sec-
ondary metabolites like lipids, phenylpropanoid, and flavo-
noids [33]. The maximum removal efficiency of up to 90%
was observed in mixotrophic conditions while 80% in auto-
trophic mode. The correlation between biomass growth and
nitrate depletion was established from (Fig. 1) and (Fig. 4).

3.2 Qualitative and quantitative estimation of
flavonoids

A preliminary analysis of the entire four samples was conduct-
ed. All the samples changed from green to yellow color on the

Fig. 4 Nitrates removal
efficiency

Fig. 5 Total flavonoid concentration in g/l

Table 2 Rf values of all the samples

Sample type Rf values for each sample

CV-autotrophic 0.85 0.6 0.38 0.36 0.146 0.06

CV-mixotrophic 0.82 0.6 0.386 0.346 0.16 0.06

CP-autotrophic 0.84 0.64 0.413 0.36 0.16 0.06

CP-mixotrophic 0.84 0.62 0.64 0.426 0.173 0.06
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addition of sulfuric acid. The change in yellow color indicated
the presence of flavonoids.

The quantity of flavonoids was determined by total flavo-
noid content estimation. The highest amounts of flavonoids
were observed in the case of CP-autotrophic (138 mg/L) at
day 18, followed by CP-mixotrophic (120 μg/ml; day 16),
CV-mixotrophic (118 μg/ml; day 17), and CV-autotrophic
(113 μg/ml; day 17) (Fig. 5). This indicates that maximum
flavonoids were observed in C. pyrenoidosa among the two
species as the nitrate consumption led to the stress phase.
Hence, the correlation was observed with nitrate removal ef-
ficiency and flavonoid synthesis. Among the four experimen-
tal variations, CP-autotrophic was observed with the maxi-
mum amount of flavonoids with 138 μg/ml since it is subject
to nitrogen stress [34]. The Rf values of obtained compounds
were depicted in Table 2, thereby indicating the similarity of
compounds in all the experimental conditions. Some of the
compounds with Rf (0.6) and Rf (0.8) are assumed to be
quercetin and a hydroxy flavone, respectively [35].

The presence of different flavonoid compounds was further
confirmed by HPLC analysis. Compounds like quercetin, cat-
echins, and caffeic acid were found in the four experimental
variations, i.e., CV-A, CV-M, CP-A, and CP-M. Quercetin,
catechin, and kaempferol are some more essential flavonoids
traced in the chromatograms of the algal samples.

3.3 Scavenging activity and FAME analysis

Scavenging activity was performed for the samples, which
had the highest flavonoid content. The flavonoids synthesized
by microalgae possess scavenging activity indicating their an-
tioxidant property. In a similar study, it was reported that
C.vulgaris had shown antioxidant activity in autotrophic

mode [36]. In the present study, it was observed that CV-A
showed the highest scavenging activity of 77.42% (Table 3).
Probably, the compounds which show antioxidant activity are
produced in higher quantity in CV-auto.

Lipid percentages at the end of growth were reported to be
9% and 8.5% in autotrophic modes of CV and CP, respective-
ly, whereas, in mixotrophic modes, it was 13.1% and 12.6%.
In nitrogen-limited conditions, there was a steep increase in
lipids under mixotrophic mode with the highest lipid percent-
ages of 23.7% and 19.4% in both CV and CP, respectively
(Fig. 6). In the present study, CV was observed to accumulate
a higher amount of lipids when compared with CP. The
transesterified samples were subjected to gas chromatography
for lipid profiling. Linoleic acid—C18:2, oleic acid—C18:1,
elaidic acid—C18:1, and γ-linolenic acid—C18:3 com-
pounds were observed in all the four samples (Table 4).

3.4 Role of L-phenylalanine and synergic effect of
nitrates and carbon on biomass, lipids, and total
flavonoid content

3.4.1 Role of L-phenylalanine in flavonoid synthesis

L-Phenylalanine (Phe) is a vital biochemical module in pho-
tosynthesis, which plays a critical role in the connectivity
among primary and secondary metabolism. Phe serves as a
building block for protein synthesis and also an essential pre-
cursor in the photosynthesis process of several microorgan-
isms that are critical to reproduction, growth, development,
and defensive performance toward various environmental
stresses. Phe’s metabolism plays a crucial role in directing
the carbon from photosynthesis to phenylpropanoid synthesis,
which contains a side chain of a C3 phenyl ring [37]. The term
“phenylpropanoids” also covers metabolites, such as flavo-
noids, stilbenes, coumarins, salicylate, and gallate, sourced
from these compounds, and Phe synthesis intermediates.
Hence the external supplementation of Phe helps in the en-
hancing production of flavonoids. When L-phenylalanine was
supplemented directly, it enters to the phenylpropanoid path-
way bypassing the shikimate pathway; this Phe converts to
flavonoids directly by forming cinnamyl-coA or by forming
cinnamic and β-coumaric acids, which finally results in the

Table 4 Lipid profile of algal strains under four different growth conditions

Sample type 12:1 16:1 17:1 18:1 18:2 18:3 20:1 20:2 20:3 Total

CV-autotrophic 0.05 - - 3.49 3.02 3.27 0.98 - 0.19 11

CV-mixotrophic 0.27 - - 4.25 4.34 3.16 1.27 0.86 0.23 11.18

CP-autotrophic - - - 3.21 2.17 2.91 0.28 0.54 - 9.11

CP-mixotrophic 0.79 - - 2.98 3.31 2.89 0.29 - 0.12 10.12

Table 3 Scavenging activity in all four algal samples

Sample type Scavenging activity (%)

CV-autotrophic 77.42

CV-mixotrophic 74.62

CP-autotrophic 63.51

CP-mixotrophic 73
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production of flavonoids; this was clearly represented in (Fig.
1).

3.4.2 Role of nitrates in enhancing lipids and total flavonoid
content

In the case of total flavonoid content, maximum upregulation
was noted in autotrophic modes of both microalgal strains
(Fig. 6), since it has depletion nitrogen during the stress phase.
Enhancement in flavonoid content synthesis can be observed
after the end of the growth phase (Fig. 6). As nitrates play a
vital role in biomass growth in the growth phase, its depletion
leads to the stress condition, upregulation of phenolic

flavonoids antioxidant property products, and storage mole-
cules like lipids occur in the stress phase [38]. Hence, nitrates
are considered as major rate-limiting molecules for the syn-
thesis of high-value compounds in the stress phase.

3.4.3 Role of carbohydrates in enhancing lipids and total
flavonoid content

External supplementation of carbon in the stress phase with
nitrogen deficiency leads to the overproduction of acetyl-
CoA. Algae produce polyketides through the condensation
of acetyl-CoA as a starter unit and malonyl-CoA for chain
elongation, leading to flavones and flavonols [39]. This

Fig. 7 Biochemical pathway
representing biosynthesis of
flavonoids and lipids

Fig. 6 Total lipid percentage
present in micro algal biomass
after extraction of flavonoids
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implementation of the stress phase intrinsically paves to the
lipid accumulation and flavonoid production. This is because
the common molecule for these two products is malonyl CoA
represented in the pathway (Fig. 1). When external carbon
source was supplemented in mixotrophic conditions, especial-
ly both in the growth and stress phase, the growth phase leads
to increased biomass and carbohydrate accumulation, and in
the stress phase, secondary metabolites along with lipids are
produced. Supplemented carbon, in turn, increases malonyl-
CoA production, which is another key flavonoid precursor
molecule derived from the citrate of the TCA cycle. Acetyl-
CoA, a key molecule for the TCA cycle, diverts its pathway
and converts to malonyl-CoA. As mentioned previously (Fig.
1), flavonoids are produced by the metabolic pathway of
phenylpropanoid, in which the Phe is used to generate 4-
coumaroyl-CoA. This can be coupled with malonyl-CoA to
produce the actual flavonoid backbone [40–42]. In the present
study by external carbon source and L-phenylalanine supple-
mentation in mixotrophic conditions, the simultaneous pro-
duction of flavonoids and lipid content increased with respect
to control (autotrophic mode).

3.4.4 Synergic effect of nitrates, carbohydrates,
and L-phenylalanine in lipids and total flavonoid content

High flavonoid content with low lipid content in autotrophic is
by only nitrate stress whereas mixotrophic mode that yielded
high flavonoid along with high lipid content is attributed to
nitrate stress with supplementation of external carbon source.
Moreover, the impact of L-phenylalanine in flavonoid synthe-
sis can be taken into consideration as it is the precursor mol-
ecule that triggers the flavonoid pathway. Firstly, excess car-
bon in the mixotrophic stress phase yields a common mole-
cule malonyl Co A for both lipids and flavonoids (Fig. 7); in
addition to this, L-phenylalanine directly enters to flavonoid
synthesis pathway. The upregulation of both lipid and flavo-
noid pathways must not be possible without the nitrogen stress
or nitrogen depletion stage. Hence, carbon nitrates and L-phe-
nylalanine have a synergic effect on lipid and flavonoid syn-
theses. These two syntheses can be simultaneously achieved
maximum by mixotrophic mode.

4 Conclusions

It is concluded from this study that microalgal strains, viz.,
Chlorella pyrenoidosa and Chlorella vulgaris, are potential
candidates for flavonoid production. Although CP demon-
strated high potential to flavonoid synthesis in comparison
with both the Chlorella cultures, CV-mixotrophic has report-
ed a simultanious high amount of lipid and flavonoid. This
upregulation was observed in mixotrophic mode by a cascade
of reactions parallelly in lipid and flavonoid pathways by

external supplementation of carbon, leading to the excess syn-
thesis of malonyl CoA, a common moiety for both pathways.
These pathways can only be triggered to produce a high
amount of lipid and flavonoid only in nitrogen stress added
with L-phenylalanine, a precursor for flavonoid synthesis.
This study elucidated the link between external carbon and
L-phenylalanine supplementation in themixotrophic mode un-
der nitrogen stress. Thus, CV-mixotrophic reported a high
lipid percentage of 23.7% and flavonoid content of
118 μg/ml, whereas CP-autotrophic yielded high flavonoid
content of 138 μg/ml. It was demonstrated that malonyl
CoA, a vital moiety of flavonoids and lipid synthesis, allows
the simultaneous production of these value-added products.
This exciting result of the simultaneous production of flavo-
noids and lipids paves the way for a biorefinery approach
while scaling up the process in future studies.
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