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Abstract
Microalgae are photosynthetic organisms with the ability to produce a variety of high-value compounds such as polyunsaturated
fatty acids (PUFAs), proteins, pigments, and lipids. The high cost of microalgae production is one of the biggest obstacles for
their commercialization. Plant growth regulators might be an ideal choice since they could potentially induce microalgae to
produce lipids and other high-value secondary metabolites thereby reducing production cost. This study investigated the effects
of eight plant growth regulators (PGRs), namely, salicylic acid (SA); 1-naphthaleneacetic acid (NAA); gibberellin (GA3); 6-
benzylaminopurine (6-BA); 2,4-epibrassinolide (EBR); abscisic acid (ABA); ethephon (ETH); and spermidine (SPD) on the
induction of lipids, proteins, carotenoids, and unsaturated fatty acids (UFAs) in Chlorella vulgaris. Moreover, the expression
profiles of seven fatty acid biosynthethis genes were studied in the PGR-treated biomass. All PGRs used in the study caused
significant increases in total lipid contents in non-dose-dependent manners when compared to control. However, lipid produc-
tivities were increased due to four of the eight PGRs (ABA, 6-BA, NAA, and ETH). Similar to lipids, total carotenoid contents
were significantly higher in all of the PGR-treated microalgal biomass except ABA. However, soluble protein contents were not
affected by the PGR treatments except SA at 10 mg L−1. Furthermore, 6-BA, NAA, ABA, and ETH treatments resulted in
significant increases in UFAs especially DHA, linolenic acid, arachidonic acid, and EPA which were confirmed by the upreg-
ulation of fatty acid biosynthesis genes including stearoyl-ACP-desaturase, ω-3 fatty acid desaturase, biotin carboxylase, and
acyl-acyl carrier protein. Our findings, therefore, indicate that the treatment with PGR used in this study could be a useful tool to
produce biodiesel and other high-value metabolites from microalgal biomass.
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Introduction

Microalgae are a diverse group of eukaryotic microorganisms
that have been exploited for the production of high-value com-
pounds such as lipids (including omega-3 fatty acids), en-
zymes, polymers, toxins, antioxidants, and pigments
(carotenoids) which can be used directly for numerous indus-
trial purposes including food, feed, nutrition, cosmetics, and
pharmaceuticals (Borowitzka 2013). Moreover, microalgal
biomass can be a source of different types of bioenergy com-
ponents including biodiesel, bioethanol, methane, alkanes,
and hydrogen (Rosenberg et al. 2008). The increasing demand
for an alternative source of renewable energy to replace fossil
fuels has attracted considerable interest among scientists and
policy makers in microalgae. However, the high cost of pro-
ducing algal oil has led to the concept of Bmicroalga
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biorefinery^ where high-value compounds could be produced
as well as biofuels to make the business economically viable
(Ahmed et al. 2013).

Due to high metabolic plasticity, microalgae can be trig-
gered to produce targeted compounds through manipula-
tion of culture conditions or genetic engineering ap-
proaches (Catarina et al. 2011). Cultivation conditions play
key roles for the ultimate use of microalgal biomass in
downstream processing for the production of biodiesel
and high-value products including carotenoids, proteins,
and polyunsaturated fatty acids (PUFAs). Several factors,
such as nitrogen deficiency, temperature, salinity, and level
of irradiance, have been reported to affect the lipid con-
tents of microalgae (Converti et al. 2009; Cha et al. 2011;
Kamalanathan et al. 2016; Negi et al. 2016; Lari et al.
2016). Lei et al. (2012) reported that high-value omega-3
fatty acids such as docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) was increased by 4.40 and
48% (dry weight of cell), respectively, through nitrogen
starvation and Fe treatment in Haematococcus pluvialis.

Several plant growth regulators (PGRs), such as
salicylic acid (SA), 1-naphthaleneacetic acid (NAA), gib-
berellin A3 (GA3), and jasmonic acid (JA), had already
been investigated for their effects on the growth of
microalgae in the last decade (Hunt et al. 2010;
Piotrowska-Niczyporuk et al . 2012; Piotrowska-
Niczyporuk and Bajguz 2014; Gao et al. 2016). The accu-
mulation of lipids, carotenoids, monosaccharides, proteins,
and chlorophyll in response to the treatment with these
PGRs was also investigated in Chlorella vulgaris and
H. pluvialis (Czerpak et al. 2002; Falkowska et al. 2011;
Raman and Ravi 2011; Gao et al. 2013a, b). PGRs includ-
ing gibberellic acids (e.g., GA3), abscisic acid (ABA),
brassinosteroids (BRs), SA, JA, ethylene (ETH), auxins
(e.g., NAA), cytokinins (e.g., benzylaminopurine, 6-BA),
and polyamines (e.g., spermidine, SPD) are well-
documented as contributing to plant growth and develop-
ment. Some of the described functionalities of these PGRs
include promotion of cell division, induction of bud for-
mation, promotion of growth and inhibition of chlorophyll,
and nucleic acid and protein degradation, and some PGR
can maintain higher antioxidant enzyme activities and
plant adaptation; accelerate ripening, senescence, and ab-
scission; stimulate xylem differentiation and cell elonga-
tion in the hypocotyls; promote transcription of DNA and
RNA in plant cells and combine proteins or phospholipids
in the membrane; maintain membrane stability; and induce
plant disease resistance, drought resistance, salt resistance,
temperature resistance, and UV resistance (Imin et al.
2005; Hunt et al. 2010; Xu et al. 2013; Hu and Yu 2014;
Liu et al. 2017a, b). However, the mechanism of action and
the metabolism of these PGR in the cells remain to be fully
explored (Raman and Ravi 2011).

In addition to promoting accumulation of metabolites,
auxins (NAA), cytokinins (6-BA), and gibberellin (GA3) have
been reported to alleviate stress symptoms by inhibiting heavy
metal biosorption, restoring algal growth and primary metab-
olite levels (Piotrowska-Niczyporuk et al. 2012). Bajguz
(2000) found that 2,4-epibrassinolide (EBR) at the concentra-
tion of 10−8 M in combination with heavy metals (in the range
10−6~10−4 M) blocked metal accumulation in algal cells. So
PGR can enhance the resistance of microalgae to heavy
metals, reduce the accumulation of metals in microalgal cells,
and improve the quality of microalgal industrial products.

Recently, the effect of these PGRs on lipid and other me-
tabolite accumulation in microalgae is gaining attention
(Bajguz and Piotrowska-Niczyporuk 2013; Salama et al.
2014; Josephine et al. 2015; Jusoh et al. 2015a, b; Lu and
Xu 2015; Liu et al. 2016; Babu et al. 2017). Haematococcus
pluvialis had been investigated for the expression of several
genes related to lipid biosynthesis under SA and JA treat-
ments, and these PGRs significantly affected the expression
of genes (Gao et al. 2013a, b, 2016). Chlorella vulgaris is
regarded as a potential candidate for microalga biodiesel pro-
duction since it can accumulate high levels of lipids (Hu et al.
2008; Bajguz and Piotrowska 2009). Chlorella has also been
used as a tool for studying the influences of PGR on growth
and metabolite accumulation (Czerpak et al. 2006; Hu et al.
2008). Through this research, we can know the roles of PGR
on the growth and metabolism of C. vulgaris which could
provide a new idea for regulating the metabolism of
C. vulgaris.

In this study, we investigated the effects of different con-
centrations of eight PGRs on the accumulation of lipids,
PUFA, proteins, and carotenoids in the commercially impor-
tant microalga C. vulgaris. We also studied the transcriptional
expressions of fatty acid (FA) synthesis genes in order to un-
derstand the molecular mechanism of lipid bioaccumulation in
C. vulgaris in response to the PGR treatments through real-
time qPCR.

Materials and methods

Chemicals

All chemicals used were of analytical grade except hexane
which was of chromatographic purity.

Culture of Chlorella vulgaris strain

Chlorella vulgaris FACHB-9 was from the Institute of
Hydrobiology, Chinese Academy of Sciences; obtained from
theMicroalgae Biotechnology lab of the Shandong University
of Technology, China; and maintained in BG11 growth medi-
um at 22 ± 2 °C. The algal culture was initiated from a single
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colony taken from the stock agar plate and cultured in revised
BG11medium. The revised BG11medium components are as
follows (per liter): NaNO3 75 g, K2HPO4 2 g, MgSO4·7H2O
3.75 g, Na2CO3 1 g, citric acid 0.30 g, CaCl2·2H2O 1.80 g,
ferric ammonium citrate 0.30 g, EDTANa2 50 mg, H3BO3

2.86 g, MnCl2·4H2O 1.86 g, ZnSO4·7H2O 0.22 g, CuSO4·
5H2O 80 mg, Na2MoO4·2H2O 0.39 g, and Co(NO3)2·6H2O
50 mg. The final pH of the medium was adjusted to 7.10 with
1 M HCl. The culture medium and Erlenmeyer flasks were
sterilized at 121 °C for 30 min. The microalga cultures were
illuminated with cool-white fluorescent light under 36 μmol
photons m−2 s−1 on a 12:12 h light/dark cycle at 24 ± 2 °C
(Damiani et al. 2010). The cultures were shaken manually
(approximately three to five times a day), and nutrients (two
times the concentration of BG11) were added once a week.

Plant growth regulator treatments

During the exponential phase, the microalga cultures (sepa-
rately grown cultures; n = 3) were treated with six different
concentrations of EBR, GA3, ETH, SPD, 6-BA, NAA, SA,
and ABA. All of the PGRs were dissolved in water, made into
1 g L−1 stock solutions, and stored at 4 °C. The concentrations
used for treating the cultures are described in Table 1. Cultures
grown in media only without PGRs were used as controls.
Medium was added regularly (two times the concentration
of BG11) to avoid any effect of nutrient starvation in the
cultures. Biomass was collected after 15 days of cultivation
and harvested by centrifugation at 7100×g for 10 min. The
supernatants were discarded, and the pellets were dried at −
40 °C in a freeze-dryer and then stored at − 20 °C until use for
various analyses.

Determination of total lipid content

Measurement of total lipid contents in the dried biomass was
conducted following the method by Bligh and Dyer (1959)

with minor modifications. In brief, 50-mg dry biomass was
added to 5 mL chloroform-methanol (2:1) extraction solvent
and placed in an ultrasonic crusher (VC605, Sonics, USA) in
an ice bath (effective power of 240W, cycle 2 min, work 15 s,
interval 5 s). The mixture was centrifuged at 11100×g for
10 min at 4 °C, and then the supernatants were added to
chloroform. An equal volume of water was added to the mix-
ture and left for a few minutes to allow separation of organic
layers. The clear layers on the top were dried at 61 °C. The
total lipid contents were calculated using the following equa-
tion:

Total lipid mg g−1
� � ¼ C

m

where C is the weight of the lipid layer (mg) and m is the
biomass (g DW).

Lipid productivities of the hormone-treated and control
cultures were calculated as follows:

Lipid productivity mg L−1g−1
� � ¼ C

VD

where C is the weight of lipid layer (mg), V is the volume (L)
of the culture medium used to culture the biomass, and D is
the cultivation time (days).

Analysis of polyunsaturated fatty acids

Fatty acid methyl ester (FAME) analysis was conducted fol-
lowing the method described by Cha et al. (2011) with some
modifications. Previously dried algae (20 mg) were used for
FA analysis, and lipids present in the algal pellets were hydro-
lyzed and methyl-esterified by 3 mL 0.4 mol L−1 KOH/
methanol solution for 1 h at 60 °C; 20 μL methyl
nonadecanoate (Sigma, USA) was added as internal standard
to the pellets prior to the reaction. A total of 1 mL saturated
NaCl and 1 mL hexane were then added and mixed for 20 s.
To separate the phase, anhydrous Na2SO4 was added to the
samples and the mixture was then centrifuged at 16,000×g for
3 min. A total of 1 μL of the hexane layer was injected into a
GC-2010 gas chromatograph (Shimadzu Corporation, Japan)
fitted with a HP-FFAP capillary column (0.25 mm inner di-
ameter × 30 cm length) and a flame ionization detector.
Nitrogen was used as carrier gas at a constant flow rate of
30 mL min−1. Split injections at 1:18 were performed at
300 °C, and the oven temperatures applied were 120 °C for
1 min, then increased to 210 °C at 6 °C min−1, and held for
10min. Identification of FAs was accomplished by comparing
the peaks and retention times of the FAMEs to those of the
reference standard Supelco 37 Component FAME Mix
(Sigma Aldrich, China).

Table 1 The concentrations of eight plant growth regulators or
phytohormones added to Chlorella vulgaris cultures

Phytohormones Concentrations used (mg L−1)

EBR 0.001 0.005 0.010 0.100 0.500 1.000

GA3 0.100 1.000 5.000 10.000 15.000 20.000

ETH 0.005 0.010 0.050 0.100 0.150 0.200

SPD 0.100 1.000 10.000 15.000 20.000 50.000

6-BA 0.010 0.020 0.050 0.100 1.000 5.000

NAA 1.000 5.000 10.000 15.000 20.000 50.000

SA 0.100 0.500 1.000 10.000 20.000 50.000

ABA 0.100 0.500 1.000 10.000 20.000 50.000
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Measurement of crude protein content

Freeze-dried biomass (50-mg DW from separately grown cul-
tures; n = 3) was dissolved in 20 mL 0.20 M PBS (8 g NaCl,
0.20 g KCl, 1.44 g Na2HPO4, and 0.24 g KH2PO4, dissolved
in 900 mL double-distilled water; hydrochloric acid to adjust
the pH value to 7.40; add water to the volume of 1 L; room
temperature preservation) with ultrasonic fragmentation
(VC605, Sonics, USA). The following conditions are used
for ultrasonic disruption: effective power of 240 W, work
15 s, interval 5 s, cycle 2 min. Supernatants were harvested
by centrifugation at 7100×g for 10 min and were used for
measurement of protein contents. The protein contents in the
hormone treatments and control were determined according to
the Bradford method (Bradford 1976).

The protein contents were calculated using the following
equation:

Protein content mg g−1
� � ¼ C

m

where C is the weight of protein (mg) and m is the biomass (g
DW).

Measurement of total carotenoids

Microalgal biomass (50-mg DW) was transferred to 10 mL
90% acetone and kept in the dark at 4 °C for 24 h. Total
carotenoids in the biomass were calculated following the
method described by Lichtenthaler (1987).

RNA isolation and gene expression profiling

Fresh microalgal biomass was frozen in liquid nitrogen and
then ground into a fine powder. The total RNA was subse-
quently extracted using Trizol reagent according to the man-
ufacturer’s instructions and dissolved in diethypyrocarbonate-
treated water. In this protocol, RNA was digested with
DNaseI. The cDNA used for real-time qPCR was synthesized
from total RNA using SuperScript III First-Strand Synthesis
Kit (Invitrogen, USA).

Using gene sequences retrieved from NCBI database
(HM560033, HM560034, HM560035, HM560036, and
HM560037), primers were designed according to Lei et al.
(2012) (Table 2). Primers were synthesized using Nanjing
Genscript (China). Seven known FA synthesis genes, biotin
carboxylase (BC), 3-ketoacyl carrier protein synthase gene
(KAS), acyl-acyl carrier protein (ACP), acyl carrier protein
thioesterase (FATA), ω-3 fatty acid desaturase (FAD),
malonyl-CoA:ACP transacylase (MCTK), and stearoyl-ACP-
desaturase (SAD), were investigated in this study (Fig. 1).

Real-time qPCR analysis was conducted on an ABI-
7900HT System (Applied Biosystems, USA) using SYBR

green fluorescence (Applied Biosystems), using actin gene
as the internal control. Each PCR reaction consisted of
10 μL SYBR green, 0.5 μL dNTP, 1 μL Taq DNA polymer-
ase, 7.5 μL diH2O, 1 μL of primer mixture (forward and
reverse, 0.5 μL each), and 2 μL of cDNA (2 μg μL−1). The
thermal cycles were set as follows: stage 1, 95 °C for 10 min;
stage 2, 45 cycles of 95 °C for 15 s and 60 °C for 1 min; and
stage 3, 1 cycle of 95 °C for 2 min, 60 °C for 15 s, and 95 °C
for 15 s. The 2−△△CT method was used to analyze quantitative
real-time qPCR data (Gao et al. 2012a, b).

Table 2 Gene names and primers for real-time qPCR in the study

Gene name Primers for real-time PCR(5′-3′)

BC F: CAAGAAGGTGATGATCGCCA

R: GACGTGCAGCGAGTTCTTGTC

FATA F: AGACTCGTTCAGCGAGGAGC

R: CATGCCCACAGCATGGTTC

ACP F: CAGCTCGGCACTGACCTTG

R: CAAGGGTCAGCTCGAACTTCTC

SAD F: CCGAGCCCAAGCTTCTAGTG

R: TTTGCCTCCATGTAATCCCC

MCTK F: GGTGAGGACAAGGCGGTG

R: TCATCCTGGCCTTGAAGCTC

FAD F: GTAGGTCACCACGTCCAGCC

R: CTTGATAGGCATGCTGGGTGT

KAS F: CACCCCACTCTGAACCAGGA

R: GACCTCCAAACCCGAAGGAG

Actin F: GCTCAACTCCTCCACGCT

R: GTCCTTGCGGATGTCCAC

Fig. 1 Fatty acid biosynthesis pathway in green microalgae (cited from
Lei et al. 2012)
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Statistical analysis

All experiments were performed in triplicates. The ef-
fects of various PGR on the accumulation of lipids,
FAMEs, proteins, and carotenoids and the expressions
of FA biosynthesis-relevant genes in C. vulgaris strain
were analyzed by one-way analysis of variance
(ANOVA) and LSD multiple-comparison tests and were
used to detect differences among the groups of different
trials. p values of less than 0.05 were considered to be
statistically significant. Results were analyzed by Origin
9.0 and SPSS 17.0, and data expressed as mean ± stan-
dard error (SE).

Results

Total lipid and lipid productivity

Higher lipid contents compared to controls (135.97 ±
22.58 mg g−1 DW) were found for all of the eight PGR
treatments of C. vulgaris cells after 15 days of cultivation.
The most significant effects were observed in the
20 mg L−1 ABA and 0.2 mg L−1 ETH treatments where
the total lipid contents were 409.63 ± 10.35 and 367.26 ±
8.056 mg g−1 DW, respectively (Fig. 2). The 6-BA, EBR,
NAA, SA, and SPD treatments showed increased lipid
production at only one or two concentrations in a non-
dose-dependent manner (Fig. 2).

We also calculated lipid productivities of C. vulgaris bio-
mass in response to PGR treatments after 15 days of cultiva-
tion. Increases of lipid productivities were observed due to
ABA (0.50 mg L−1, 6.91 ± 0.42 mg L−1 day−1; 1 mg L−1,
6 . 97 ± 0 . 24 mg L − 1 day− 1 ; 20 mg L − 1 , 6 . 58 ±
0.17 mg L−1 day−1; 50 mg L−1, 9.56 ± 0.26 mg L−1 day−1),
6-BA (1 mg L−1, 7.61 ± 0.63 mg L−1 day−1), ETH
(0.01 mg L−1, 7.58 ± 0.29 mg L−1 day−1; 0.15 mg L−1, 6.89
± 0.31 mg L−1 day−1), and NAA (50 mg L−1, 7.08 ±
0.38 mg L−1 day−1) treatments when compared to controls
(4.79 ± 0.80 mg L−1 d−1; Fig. 3). However, no significant in-
crease in lipid productivity could be found for EBR, GA3, SA,
and SPD (Supplementary Fig. 1).

In the FAME analysis, some changes in the contents of
PUFAs (EPA, DHA, linolenic acid (LNA), and arachidon-
ic acid (ARA)) due to treatments with 6-BA, NAA, ABA,
and ETH were found (Supplementary Fig. 4), although
these FAs were at undetectable levels in the controls
(Table 3). The percentages of LNA varied from 14.38 ±
0.34 to 53.09 ± 3.25% of total FAs in all treatments except
the lower concentrations of BA (0.01 to 0.10 mg L−1)
which had undetectable levels similar to the controls.
Some detectable levels of EPA, DHA, and ARA were also
found in the treated microalgal biomass with some

exceptions (Table 3). Significant increases in the percent-
ages of C15:0 and C18:0 were observed in all treated
samples when compared to controls (Table 3).

Effect on crude protein contents

The PGRs did not affect crude protein contents in
C. vulgaris cells (Supplementary Fig. 2) except for SA
which caused increases in protein at 10 mg L−1 when com-
pared to controls (39.76 ± 5.56 vs 24.42 ± 3.46 mg g−1 DW
in controls; Fig. 4).

Effect on total carotenoid contents

Similar to lipids, total carotenoids in C. vulgaris cells in-
creased in the PGR treatments used in our study; however,
the increases were not dose-dependent (Fig. 5). In the case
of 6-BA treatments, significant increases in total carotenoid
contents were found for all concentrations when compared to
controls (treatments 2.22 ± 0.35 to 4.12 ± 0.42 mg g−1 DW;
controls 1.54 ± 0.18 mg g−1 DW; Fig. 5). Significant increases
in total carotenoid contents were also observed due to
0.50 mg L−1 EBR, 0.20 mg L−1 ETH, 15 mg L−1 GA3,
15 mg L−1 NAA, 20 mg L−1 SA, and 15 mg L−1 SPD treat-
ments. However, all concentrations of ABA reduced total ca-
rotenoid content in C. vulgaris cells (Fig. 5).

Expression of fatty acid synthesis-related genes

The expressions of FA synthesis genes were studied
using quantitative real-time qPCR. Among the seven
genes investigated in our study, all except SAD were
upregulated in C. vulgaris in response to ABA and
ETH treatments (Fig. 6). A similar pattern was observed
for the treatments with SA and SPD where two genes
(KAS, FATA) were upregulated. NAA treatment also up-
regulated two genes, namely, BC and SAD; however,
they were different from SA and SPD treatments. Only
one of the seven genes was found to be upregulated in
response to treatments with 6-BA (SAD), EBR (FAD),
and GA3 (BC) (Fig. 6).

Discussion

PGRs play a critical role in plant growth and develop-
ment (Cooke et al. 2002). Ethylene is considered to play
major roles in regulating plant defense responses against
abiotic stresses (Bari et al. 2009). In the present study,
PGR treatments increased lipid content significantly
compared with the controls. The best stimulatory effect
on lipid was 20 mg L−1 ABA treatments with 3.01-fold
increase compared to controls then 0.20 mg L−1 ETH

J Appl Phycol (2018) 30:1549–1561 1553



Fig. 2 Total lipid contents (mg g−1 DW) in Chlorella vulgaris biomass at different concentrations of eight PGR treatments after 15 days of cultivation.
Shown are mean values and SEs from three separately grown cultures. The asterisks indicate statistically significant differences compared to controls
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with 2.70-fold of controls, and other PGR treatments also
had different levels of increased lipid accumulation.
Converti et al. (2009) reported that lipid content of
C. vulgaris under low nitrogen increased from 5.90 to
16.41%, a 2.70-fold increase compared to controls.
Jusoh et al. (2015a) reported that 100 μM indole-3-
acetic acid (IAA) induced 390.00 mg g−1 DW of lipids
in C. vulgaris resulting in 39% increase in total lipid
contents compared to controls. They also reported 54%
increase in lipid accumulation in C. vulgaris in response
to 45 μM JA treatment (Jusoh et al. 2015b). The present
study observed higher levels of lipid induction in
C. vulgaris due to PGR treatments than these authors.

Babu et al. (2017) reported 49 and 84% increases in lipid
productivity in Chlorella sorokiniana due to 10 μM IAA and
10−3 μM diethyl aminoethyl hexanoate (DA-6) treatments.
Similarly, up to fourfold increase in lipid productivity was
reported in Chlorella pyrenoidosa and Scenedesmus
quadricauda when treated with 60 mg L−1 indole-3-
propionic acid (IPA) (Liu et al. 2016). However, decreased
lipid productivity was reported in S. quadricauda after

treatment with 1 and 2 μM ABA (Sulochana and
Arumugam 2016). Our results are in disagreement with
Sulochana and Arumugam (2016) as we observed increased
lipid productivity due to ABA indicating the effect of PGR
might be species-specific. However, four of the eight PGRs
used in this study did cause increase in lipid productivity in-
dicating that not all PGRs are effective in causing improved
lipid productivity in C. vulgaris. In the present study, in-
creased accumulation of PUFAs such as ARA (4.18 ±
0.16%), LNA (63.17 ± 1.12%), EPA (0.28 ± 0.05%), and
DHA (0.53 ± 0.04%) was observed due to 6-BA, NAA,
ABA, and ETH treatments in C. vulgaris. Moreover, higher
proportions of unsaturated fatty acids were detected in the
PGR-treated biomass than in the controls. Our results are in
agreement with the findings of Park et al. (2013) and Liu et al.
(2017a, b) who reported increased FAME yield in
Chlamydomonas reinhardtii due to ABA treatment and in-
creased unsaturated fatty acid accumulation in C. vulgaris
cells due to NAA treatment, respectively. Therefore, our re-
sults indicate that addition of PGR can be a useful tool to
induce high-value PUFA biosynthesis in C. vulgaris cells.

Fig. 3 Lipid productivity (mg L−1 day−1) inChlorella vulgaris biomass at
different concentrations of abscisic acid (ABA), benzylaminopurine (6-
BA), ethylene (ETH), and 1-naphthaleneacetic acid (NAA) after 15 days

of cultivation. Shown are mean values and SEs from three separately
grown cultures. The asterisks indicate statistically significant differences
compared to controls
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In the present study, no effect on protein biosynthesis was
observed in C. vulgaris cells due to PGR treatments with the
exception of 10 mg L−1 SA (1.63-fold of control). Our results
are in agreement with Czerpak et al. (2002) who also reported
increased protein accumulation in C. vulgaris due to SA treat-
ment. Additionally, increased protein bioaccumulation was
reported in C. vulgaris in response to IAA, IPA, and indole-
3-butyric acid (IBA) treatments (Bajguz and Piotrowska-
Niczyporuk 2013) and also in Scenedesmus obliquus due to
IAA and diethyl aminoethyl hexanoate (DAH) supplementa-
tion (Salama et al. 2014). The lack of effect on protein bio-
synthesis in response to other PGRs in our study is consistent
with the findings of Hunt et al. (2010) who reported that SPD,
NAA, and GA3 had no significant effect on protein biosyn-
thesis in Chlorella sorokiniana.

In the present study, we observed all of the PGRs except
ABA induced C. vulgaris cells to synthesize carotenoids.
Our results are in agreement with Ahmed et al. (2014) who
reported increased carotenoid accumulation in Dunaliella
salina and Tetraselmis suecica due to 10 μM methyl
jasmonate and 70 μM salicylic acid, respectively.
Increased carotenoid was also reported in S. quadricauda
in response to 2,4-epibrassinolide (EBL) and IAA treat-
ments (Kozlova et al. 2017). Furthermore, higher
astaxanthin biosynthesis was reported in H. pluvialis as a
result of ABA, SA, JA, EBL, and GA3 treatments (Gao
et al. 2012a, b, 2013a, b). Higher biosynthesis of caroten-
oids is usually related to inhibition of chloroplast damage
to cells exposed to environmental stresses (Gao et al.
2012a, b). The higher biosynthesis of carotenoids observed
in the present study is thus an indication that PGR trig-
gered the protection mechanism of C. vulgaris cells.

In the present study, six fatty acid synthesis genes were
upregulated in response to ABA and ETH treatments.
This was consistent with our findings that ABA and
ETH induced accumulation of lipids in C. vulgaris cells.
Lei et al. (2012) reported that all the selected genes cod-
ing for fatty acid synthesis were upregulated coupled with
an increase in lipid contents in H. pluvialis under stress
conditions (including nitrogen depletion, 450 μM FeSO4,
45 mM NaAC, high temperature, and low temperature).
Thus, our results indicate that the presence of ABA and
ETH in the media caused stress to C. vulgaris cells trig-
gering significant expression of fatty acid synthesis genes
which leads to higher accumulation of lipids in these
cells.

The expression of SAD gene was significantly upregu-
lated by 6-BA and NAA treatments in the present study.
SAD is a rate-limiting enzyme in the biosynthesis of mono-
unsaturated fatty acids from their saturated fatty acid pre-
cursors (Uto 2016). Lei et al. (2012) reported that SAD
gene expression had a negative correlation with C18:0
but a positive correlation with C18:1 level. The synthesis
of PUFAs in microalgae begins with the synthesis of C18:1
from C18:0 (Salas and Ohlrogge 2002). The high SAD
upregulation, therefore, indicates that 6-BA and NAA can
induce higher accumulation of PUFAs in C. vulgaris cells
which can be corroborated by the high PUFA contents in 6-
BA- and NAA-treated biomass (Table 3). Similarly, FAD
gene expression has a positive correlation with PUFA bio-
synthesis (Jusoh et al. 2015a, b). The high upregulation of
FAD gene as well as the higher biosynthesis of PUFA in
ABA- and ETH-treated microalgal biomass in our study
confirmed the role this gene plays in the fatty acid biosyn-
thesis pathway. Our results also indicate that ABA, ETH,
6-BA, and NAA could be very useful tools to induce PUFA
(i.e., LNA and DHA) in green microalgae through upreg-
ulation of key biosynthesis genes.

Conclusions

The use of PGR was a useful tool to induce C. vulgaris
cells to accumulate lipids, soluble proteins, carotenoids,
and PUFA in the present study. ABA was found to be
the most effective for lipid production as it could in-
crease total lipid contents and lipid productivities by up
to 3.01-fold and 2-fold when compared to controls. 6-
BA, NAA, ABA, and ETH treatments induced
C. vulgaris cells to accumulate PUFA especially LNA,
DHA, ARA, and EPA. Similar to lipids, accumulation of
carotenoids was also induced in C. vulgaris cells by all
PGRs used in this study except ABA. On the contrary,
only SA was effective in inducing protein accumulation.
Overall, treatment with PGR used in this study could be

Fig. 4 Protein content (mg g−1 DW) in Chlorella vulgaris biomass at
different concentrations of salicylic acid (SA) treatment after 15 days of
cultivation. Shown are mean values and SEs from three separately grown
cultures. The asterisks indicate statistically significant differences com-
pared to controls
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Fig. 5 Total carotenoid contents (mg g−1 DW) in Chlorella vulgaris
biomass at different concentrations of eight PGR treatments after
15 days of cultivation. Shown are mean values and SEs from three

separately grown cultures. The asterisks indicate statistically significant
differences compared to controls
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a useful tool to produce biodiesel and other high-value
metabolites from microalgal biomass.
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