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GRAPHICAL ABSTRACT

Carotenoids

ARTICLE INFO ABSTRACT

Keywords: This work aimed to demonstrate a new strategy for enhancing the production of carotenoids through the reg-

Artificial microRNA ulation of seesaw cross-talk between autophagy and carotenoid biosynthesis pathways in Chlamydomonas re-

A}ltOPhagy ) inhardtii. Autophagy-related ATGI and ATG8 genes were first silenced using artificial microRNA, which in turn

g‘“dIESEI_SrOPert‘eS reduced the mRNA expression of ATG1 and ATG8 by 84.4% and 74.3%, respectively. While ATG1 kinase con-
arotenoids

trols early step in autophagy induction and ATGS8 is an essential factor for the downstream formation of au-
tophagosome membranes, the decreased expression of these genes led to a 2.34-fold increase in the amount of -
carotene content (i.e., 23.75mg/g DCW). Furthermore, all mutants seemed to exhibit greater biodiesel prop-
erties than that of wild-type due to increased accumulation of saturated and monounsaturated fatty acids. These
results support the role of autophagy in regulating the production of valuable metabolites, which could con-
tribute to uplifting the economic outlook of nascent algal biorefinery.

Chlamydomonas reinhardtii

1. Introduction photoprotection. Indeed, a variety of carotenoids including carotene
and xanthophyll are known to improve light harvesting efficiency of the

Carotenoids are natural tetraterpenoid pigments distributed widely photosystem II in plants and algae by absorbing and transferring light

in plants, algae, fungi, and bacteria (Lohr, 2009). In photosynthetic energy from different wavelengths to chlorophylls, while they also
organisms, carotenoids play essential roles in light capture and dissipate excess light energy through vibration when cells are exposed
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to high irradiance (Gong and Bassi, 2016; Takaya et al., 2018). In ad-
dition, carotenoids act as strong antioxidants which can deactivate re-
active oxygen species (ROS) generated under stress conditions, espe-
cially peroxyl radicals, by reacting with them to reach a more stable
energy state (Fiedor and Burda, 2014; Nimse and Pal, 2015). Therefore,
the onset of ROS-associated chronic diseases ranging from cardiovas-
cular disease to cancers were demonstrated to be mitigated by car-
otenoid pigments (Fiedor and Burda, 2014).

A recent survey underscored that the global market value of car-
otenoids would reach ca. 1.53 billion USD by 2021 as global demand
for health supplements increase by leaps and bounds (Sathasivam and
Ki, 2018). While the commercial production of carotenoids is currently
centered around chemical synthesis or extraction from plants, microbe-
based production of carotenoids could be a cost-effective alternative
due to high growth capacity of microbes and the possibility of in-
corporating agro-industrial wastes into the production of high-value
carotenoids (Mata-Gomez et al., 2014). In particular, the production of
carotenoid pigments such as lutein, astaxanthin, zeaxanthin, fucox-
anthin and [-carotene from photosynthetic microalgae has been de-
monstrated in previous studies, and the results indicated a great po-
tential of microalgae as a feedstock for carotenoids production
(Borowitzka, 2013).

In recent years, great efforts have been made to increase the pro-
ductivity of algal carotenoids. For instance, a two-phase cultivation
strategy in which a short period of nitrogen starvation followed by high
illumination during phase-two resulted in superior production of both
carotenoids and nutritional protein in Dunaliella salina (Sui et al., 2019).
Additionally, strategies of combining abiotic stress conditions and
phytohormones have been found to promote carotenoids production in
Haematococcus pluvialis, Nostoc muscorum and Chlorella vulgaris (Zhao
et al.,, 2019). These approaches, however, would necessitate costly
management of operational conditions (Sun et al., 2018b); therefore,
the prime focus of industrial biotechnology aims at developing suitable
microorganisms with a variety of genetic engineering strategies (Sun
et al., 2018b).

Overexpressing genes involved in the biosynthesis of carotenoid
precursors or enzymes is acknowledged as one of the most common
approaches to enhance the production of carotenoids by regulating the
rate-limiting steps in carotenoid synthesis pathway (Gimpel et al.,
2015; Minhas et al., 2016). Although moderate successes have been
reported from these strategies, ectopic expression of transgenes is
sometimes subjected to reversibly suppressed, either by post-tran-
scriptional regulation or chromatin-mediated gene silencing, hindering
stable genetic modification of microalgae (Molnar et al., 2009). None-
theless, RNA silencing can provide a powerful alternative to facilitate
effective genetic modification of microalgae. In particular, it has been
shown that artificial microRNAs (amiRNA), which are short non-coding
RNA molecules of 21-22 nucleotides, can overcome the problems as-
sociated with self-silencing and specifically suppress single or multiple
genes of interest in C. reinhardtii (Molnar et al., 2009).

Recently, the role of autophagy, a conversed self-recycling me-
chanism throughout eukaryotes, in microalgae has attracted much at-
tention because of its role in cleaning up senescent or oxidized cellular
components that would otherwise lead to an oxidative chain reaction
and trigger cell death (Giordano et al., 2013; Pérez-Pérez et al., 2017).
In particular, previous studies have suggested the interplay between
autophagy and carotenoids in microalgae. Zhang and his colleagues, for
example, reported that chemical inhibition of autophagy led to the
accumulation of astaxanthin in Chlorella zofingiensis in order to reduce
the effect of elevated ROS levels under nitrogen starvation (Zhang et al.,
2018). Corroborating with their results, blocking carotenoid synthesis
was demonstrated to enhance autophagic activity in C. reinhardtii as a
result of increased ROS accumulation due to the lack of available ROS
scavengers (Pérez-Pérez et al., 2012). All above evidences support the
hypothesis that autophagy and carotenoid pathways could act in a
manner of seesaw cross-talk model to prevent cellular oxidative
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damage. In other words, a reduction in one side of the metabolic seesaw
could enhance the activity of the other side to compensate a loss in
overall protective capacity. To further explore this hypothesis,
amiRNAs were used to generate mutants with lower autophagy activity
in C. reinhardtii. Thereafter, the impact of a reduction in autophagy
activity on carotenoids, lipid content and fatty acids synthesis under
nitrogen starvation was examined. Combined together, the results allow
us to propose a new strategy to enhance the production of desirable
metabolites by effectively regulating two paired metabolic pathways in
microalgae.

2. Materials and methods
2.1. Growth conditions

Chlamydomonas reinhardtii CC-124 wild-type [137c] were obtained
from the Chlamydomonas Resource Center (University of Minnesota,
USA). All strains were grown on Tris-acetate phosphate (TAP) medium
under continuous illumination of 100 + 10 pmol/m?/s at 25°C and
shaken at 90 rpm. For solid medium, bacto agar was added to a final
concentration of 15 g/L. In the nitrogen starvation experiments, cells in
exponential phase (approximately 1 x 10°cells/ml) were harvested,
washed twice in nitrogen-free TAP medium before resuspension to the
same cell density. For screening of transformants, paromomycin
(Sigma-Aldrich, USA) was used at a concentration of 25 pg/ml.

2.2. Transformation and selection of knockdown mutants

The amiRNA-based gene silencing system (pChlamiRNA3int) was
used to suppress the expression of ATG1 or ATG8 gene in C. reinhardtii
(Molnar et al., 2009). The miRNAs were designed using the Web Mi-
croRNA Designer 2 (WMD2) web-based tool (Molnar et al., 2009;
Ossowski et al., 2008) (Table 1). The oligos encoding these miRNAs
were synthesized and cloned into pChlamiRNA3int vector, which also
carries a paromomycin-resistance cassette, following the protocol de-
scribed previously (Molnar et al., 2009). The resultant vectors were
transformed in C. reinhardtii using electroporation and putative trans-
formants were selected by their resistance to paromomycin. qPCR
analysis was carried out to access the suppression ability of these
miRNA on the target genes in the selected transformants.

2.3. Expression analysis by qPCR

Cells were harvested by centrifugation and snap frozen with liquid
nitrogen before storage at —80°C. Total RNA was extracted with
TRIzol® Reagent (Ambion, USA) and purified with QIAGEN RNeasy
Mini Kit (QIAGEN, Germany) in accordance with the manufacturer’s
protocol. RNA purity and quantity were checked with the
NanoPhotometer® P360 device (Implen, Germany) after removal of
genomic DNA contamination using RQ1 RNase-Free DNase kit
(Promega, USA). First-strand cDNA was synthesized using GoScript™
Reverse Transcription System (Promega, USA) with oligo (dT) primer
from 500 ng of total RNA per sample. The resulting cDNA was used as
template for real-time qPCR using iQ™ SYBR® Green Supermix (Biorad,
USA) with the primers listed in Table 1.

2.4. Determination of growth rate and biomass productivity

The optical density at 680 nm (ODggo) Was measured on a spectro-
photometer (Tecan, Switzerland) for monitoring cell growth. Cell
numbers were counted using a C-Chip hemocytometer (NanoEnTek,
USA). Dry cell weight was determined daily by passing 5ml of the cell
culture on a pre-dried and pre-weighted GF/C filter paper (Whatman,
UK). After rinsing twice with distilled water, the filter papers containing
algal biomass were dried at 105 °C for overnight and weighed again.
The dry weight was calculated by subtracting the weight of empty filter
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Table 1
List of oligonucleotides used in this study.
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Oligo Sequence (5’ to 3)

Mutant name

Artificial microRNAs designed to target different position of the ATG1 and ATG8 mRNAs

AMI-ATG1-1F ctagtTGGGAGTACGCTTTATGTGGAtctcgctgatcggeaccatgggggtggtggtgatcagegectaTCCATGTAAAGCGTACTCCCAg K1, K2
AMI-ATG1-1R ctagcTGGGAGTACGCTTTACATGGAtagcgctgatcaccaccacceccatggtgecgatcagegagaTCCACATAAAGCGTACTCCCAa

AMI-ATG1-2F ctagtCTGACGGATTGAACAACAAGAtctcgetgateggeaccatgggggtggtggtgatcagegetaTCTTCTTGTTCAATCCGTCAGE K3, K4
AMI-ATG1-2R ctagcCTGACGGATTGAACAAGAAGAtagcgctgatcaccaccacceccatggtgeegatcagegagaTCTTGTTGTTCAATCCGTCAGa

AMI-ATGS-1F ctagtAGGCAATTTGTGTACGACATAtctcgctgatcggeaccatgggggtggtggtgatcagegetaTATGACGTACACAAATTGCCTg Al, A2
AMI-ATGS8-1R ctagcAGGCAATTTGTGTACGTCATAtagcgctgatcaccaccacceccatggtgecgatcagegagaTATGTCGTACACAAATTGCCTa

AMI-ATGS8-2F ctagtCAGGCCGAATTCCAGTGATTAtctcgetgateggeaccatgggggtggtggtgatcagegctaTAATGACTGGAATTCGGCCTGE A3, A4
AMI-ATGS8-2R ctagcCAGGCCGAATTCCAGTCATTAtagcgctgatcaccaccacccccatggtgecgatcagegagaTAATCACTGGAATTCGGCCTGa

Primers for confirmation of amiRNA sequences

ami_F GGTGTTGGGTCGGTGTTTTT

ami_ R CGGTGTAACTAAGCCAGCCC

Primers for detection of paromomycin-resistance gene in microalgal transformants

APHVIIL F AAGCTTCCATGGGATGACG

APHVIIL R TCAGGCAGACGGGCAGGTG

Primers for gPCR

ATGI1_18F TCAACTGGATGAAAAATGGC

ATG1_285R CTGGTTCCTTAAAGAGGTCCAG

ATG8_104F CAGCATCTCCACAATGGTTGGC

ATG8_239R CTCTGCCTTCTCGACAATGACTGG

CBLP_814F GACGACCTGCGCCCCGAGTT

CBLP_979R AGGCGCGGCTGGGCATTTAC

paper from the weight of filter paper with algal biomass.
The specific growth rate (u) was calculated by Eq. (i):

(Xz) :
u=In|—=|x .
X L—-t (i

where X; and X, were the cell densities of the cultivation at time t; and
t,, respectively.
The biomass productivity was calculated by Eq. (ii):

_ X=X
(t = to) (if)

where X and X, were the cell densities at the end (time t) and the be-
ginning (time t,) of the cultivation, respectively.

2.5. Total lipid extraction and fatty acid analysis

Total lipid was extracted from lyophilized cells as described by
Blight and Dyer with some modifications (Bligh and Dyer, 1959). In
brief, 10 mg of sample was mixed with 15 ml of chloroform-methanol
mixture (1:2, v/v) in a glass vial. The mixtures were subjected to so-
nication for 5min using Ultrasonic Cleaner (WiseClean, Korea). To
each, 5ml of chloroform was added, and the mixtures were vigorously
shaken for 30 min using MMV-1000 W shaker (Eyela, Japan). After-
wards, 10 ml of distilled water was added to allow phase separation.
The lower lipid-containing phase was obtained, filtered through
0.22um PTFE filters (Whatman, UK) and evaporated using a rotary
evaporator (Buchi, Switzerland). The remaining lipid residue was pre-
cisely weighed using a microbalance.

A fatty acid composition analysis was performed following the
method described by (Lee et al., 2010). The extracted lipid was sapo-
nified with 1 ml of saturated sodium hydroxide-methanol solution at
75°C for 10 min, followed by methanolysis with 2ml of 5% hydro-
chloric acid (in methanol, v/v) at 75 °C for another 10 min. Fatty acid
methyl esters (FAME) recovery was obtained by adding 1.5 ml of hex-
ane-methyl tert-butyl ether mixture (1:1, v/v). The bottom phase was
removed, and the top phase was washed with 3 ml of base wash solu-
tion (10.8 g of sodium hydroxide dissolved in 900 ml of distilled water).
Two-thirds of the upper phase was filtered and transferred to GC vial
and capped for analysis using gas chromatography (Shimadzu GC-2010,
Japan).

Biodiesel properties including cetane number (CN), iodine value
(IV) and oxidation stability were calculated following the equations
described previously (Islam et al., 2013).

2.6. Pigment extraction and composition analysis

Total pigments were extracted from lyophilized cells following the
protocols described by (Heo et al., 2018; Yun et al., 2019). In brief,
10 mg of sample was mixed with 1 ml of ethanol and homogenized by
bead beating with 0.1 mm and 0.5 mm zirconia beads (1:3, v/v) for two
cycles of 20s with 1 min interval rest on ice. The extracts were cen-
trifuged at 10,000 xg for 10 min and the supernatants were filtered
through 0.22 pm PTFE filters (Whatman, UK) and transferred to HPLC
vial for analysis using the Agilent 1260 Infinity Binary LC system
(Agilent Tech., USA) equipped with a Waters Spherisorb® S5 ODS1
4.6 X 250 mm, 5pm Cartridge Column (Massachusetts, USA). The
analysis was conducted at 40 °C for 25 min with an injection volume of
20 pl. During the run, solvent mixture A comprising 14% 0.1 M Tris-HCIL
(pH 8.0), 84% acetonitrile, and 2% methanol (v/v/v) was used from 0
to 15 min. From 15 to 19 min, solvent mixture B comprising 68% me-
thanol and 32% ethyl acetate (v/v) was used. A post-run from 19 to
25 min was performed with the initial solvent mixture. The flow rate
was maintained constantly at 1.2 ml/min.

2.7. Protein preparation and western blot analysis

Protein extraction were performed with RIPA buffer supplemented
with Protease Inhibitor Cocktail (Sigma-Aldrich, USA). Protein con-
centrations were determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, USA) and same amounts of total protein
(30 pug/sample) were separated on 15% SDS-PAGE gels. The gels were
blotted onto PVDF membranes using a semi dry transfer system (Bio-
Rad, USA). Western blot analysis was performed with anti-CrATG8
(Abcam, United Kingdom) and anti-a-tubulin (Sigma-Aldrich, United
Kingdom) antibodies (1:2000). Anti-rabbit (Abcam, United Kingdom)
and anti-mouse (Abcam, United Kingdom) secondary antibodies
(1:10,000) were used to detect ATG8 and a-tubulin, respectively.
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2.8. Quantification of ROS levels

Cellular ROS levels were measured following the protocol described
in previous work (Tran et al., 2019). In brief, algal cells grown under
optimal or starvation conditions were harvested and washed twice with
PBS buffer (pH 7.0). The cells were then suspended in 1 ml PBS buffer
containing 10 uM dichloro-dihydro-fluorescein diacetate (DCFH-DA)
(Sigma-Aldrich, United Kingdom) and incubated for 30 min in the dark
with gentle shaking. The DCFH-DA signals were measured at excitation
485 nm and emission 535 nm wavelength using a fluorescence micro-
plate reader, and the ratio of DCFH-DA/ODgg, are presented.

2.9. Statistical analysis

All experiments were conducted in triplicates. Data are presented as
means * (1.96 X standard error (SE)) for a 95% confidence interval
unless otherwise indicated. The overlapping error bars indicate no
significant difference (i.e., p > 0.05).

3. Results and discussion
3.1. Characterization of ATG1 and ATG8

Autophagy is a self-recycling mechanism in eukaryotic organism
and mediated by ATG proteins. Most of the core factors of autophagy
machinery are conserved in the green alga C. reinhardtii (Pérez-Pérez
et al., 2017). Among these factors, ATGl (Phytozome accession
number: Cre09.g391245.t1.1) is one of the most upstream components
that activates autophagy process through its kinase function. On the
other hand, ATG8 (Phytozome accession number: Cre16.g689650.t1.2)
plays an essential role in a later step of autophagosome formation
(Pérez-Pérez et al., 2017). In C. reinhardtii, autophagy is induced in
response to a wide range of stress conditions including nutrient star-
vation, oxidative stress, heavy metal exposure, high irradiation, and
high salinity (Couso et al., 2018; Pérez-Pérez et al., 2017; Ramanan
et al., 2018). Upon stress exposure, the ATG1 complex consisting of
ATG1 and ATG13 receives integrating signals and transduces them to
the downstream autophagy pathway (Pérez-Pérez et al., 2017; Wong
et al., 2013). Subsequently, double membrane vesicles called autop-
hagosomes are formed, which collect cellular wastes including oxidized
components and old organelles for recycling. During this process, ATG8
is anchored to the autophagosome membrane through its phosphati-
dylethanolamine (PE) tail, which is crucial for the correct expansion
and stability of the membrane (Nakatogawa et al., 2007). The autop-
hagosome and its inner materials are then degraded inside the central
vacuole as observed in plants, yeast, and microalgae, and provide nu-
trients to promote cell survival (Abeliovich and Klionsky, 2001; Couso
et al., 2018; Liu and Bassham, 2012). Thus, these two essential autop-
hagy components were selected to investigate the interplay between
autophagy and carotenoids pathways in C. reinhardtii.

3.2. Generation of knockdown mutants using artificial miRNA

To generate knockdown mutants of ATGI1 or ATG8 gene, two
amiRNA sequences were designed to target different exons of each gene
and transformed into C. reinhardtii wild-type cells (Table 1). Upon
electroporation, transformants were initially selected on agar plates
containing paromomycin at a concentration of 25 ug/ml, and colony
PCR was used to confirm the integration of the amiRNA sequences and
paromomycin-resistance gene in each colony with primers listed in
Table 1. The successfully transformed colonies were repeatedly sub-
cultured to liquid medium supplemented with paromomycin. After
seven rounds of selection, four lines with ATG1 knock down and four
lines with ATG8 knockdown were selected and subjected to qPCR
analysis (Table 1 and Fig. 1). As shown in Fig. 1b, all tested transfor-
mants showed a reduction in gene expression level compared to that of
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Fig. 1. Gene structures and expression analysis. (a) Schematic diagrams of
ATG1 and ATG8 genes in C. reinhardtii. Arrowheads indicate target regions of
the artificial miRNAs. (b—c) The relative expression levels of ATG1 gene in
ATG1 knockdown mutants (b) or ATG8 gene in ATG8 knockdown mutants (c).
The relative expression levels of target genes were checked over three gen-
erations and data are presented as means * (1.96 X standard error (SE)) for a
95% confidence interval. The overlapping confidence intervals indicate no
significant difference.

wild-type grown under same condition. Among the amiRNA constructs,
AMI-ATG1-1 and AMI-ATG8-1, which respectively target the fifth exon
of the ATGI mRNA and the fourth exon of the ATG8 mRNA, had the
best performance for gene silencing (up to 84.4% and 74.3% knock-
down efficiency, respectively) (Fig. 1). To reduce confusion in mana-
ging the mutant collection, the mutants were named after the protein
functions where K stands for kinase and A stands for autophagosome;
the ATG1 knockdown lines of K1 and K2, and the ATG8 knockdown
lines of Al and A2 were selected for further analyses.

3.3. Growth rate comparison between wild-type and mutants

The effect of the respective knockdown of ATG1 and ATG8 genes on
cell growth was examined in liquid culture. Under optimal growth
condition, wild-type strain exhibited a steeper slope on the growth
curve in comparison with mutants, indicating a higher growth rate
during exponential phase (Fig. 2). However, there was no significant
change in optical densities when each culture entered stationary phase
(Fig. 2). The maximum specific growth rates were found to be 2.194,
1.861, 1.807, 1.908, and 1.815 for wild-type, mutant K1, K2, A1, and
A2, respectively (Table 2). Among the mutants, A1 had the highest
DCW of 1.73 *= 0.18 g/L, which was 93.5% of that of wild-type at the
end of the cultivation (Table 2). Overall, the biomass productivities of
mutants were slightly reduced by 7-20% compared to the wild-type,
possibly due to low levels of nutrient recycling in those mutants.

3.4. Increase of B-carotene content in ATG8 knockdown mutants

Under nutrient starvation, microalgae stop growing and undergo a
series of changes in metabolism to enhance survivability (Blaby et al.,
2013). Notably, an increase in intracellular ROS has been observed
under such conditions in diatoms and green algae (Liu et al., 2012;
Yilancioglu et al., 2014). While accumulating evidence suggests that
ROS functions as signaling messenger that mediates cell development
and stress responses at low concentrations, it can indiscriminately da-
mage lipids, proteins, and DNA once its concentration is increased to
the level overwhelming the cellular antioxidant capacity (Ahmad et al.,
2008; Menon et al., 2013; Schieber and Chandel, 2014; Shi et al., 2017).
ROS-enriched cells thus produce non-enzymatic components including
carotenoids along with antioxidant enzymes (e.g., superoxide dis-
mutase (SOD), peroxidase (POD), catalase (CAT) and glutathione
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Fig. 2. Growth curve of wild-type and knockdown mutants. Mutants exhibited a
delayed exponential phase growth, but similar optical cell densities compared
to wild-type after reaching stationary phase. Error bars represent 95% con-
fidence intervals of the means of three independent replicates. The overlapping
confidence intervals indicate no significant difference.

reductase (GR)) to mitigate the damaging activity of ROS (Mallick and
Mohn, 2000). Notably, autophagy is also induced to remove the oxi-
dized components in order to terminate the chain reaction (Filomeni
et al., 2015), suggesting a critical role of each of autophagy and anti-
oxidant carotenoids in protecting cells from oxidative damages under
stress conditions.

To evaluate the influence of ATG genes knockdown on carotenoids
productivity in C. reinhardtii, wild-type and mutants at the same growth
stage were subjected to nitrogen starvation for 6 days before car-
otenoids composition was analyzed. As shown in Fig. 3a, the B-carotene
levels of K1, K2, Al, and A2 mutants under nitrogen starvation were
1.58-, 1.55-, 2.34-, and 1.93-fold higher than wild-type, respectively
(Fig. 3a). This shift in carotenoids composition was notably different
with what was observed in wild-type: the total amount of carotenoids in
wild-type was reduced from 25.90mg/g DCW under N-repletion to
14.51 mg/g DCW under N-starvation (Table 3), whereas total car-
otenoids contents were unchanged or slightly reduced in the mutants
K1 (20.96-21.44 mg/g DCW) and K2 (23.29-20.11 mg/g DCW), and
even increased in the mutants Al (22.46-28.99 mg/g DCW) and A2
(23.66-25.65 mg/g DCW). Overall, (-carotene made the greatest con-
tribution to the difference in total carotenoids content between wild-
type and mutants. In addition, while ROS contents remained relatively
low in WT, the amount of ROS in each of knockdown mutants was
significantly higher, suggesting the role of autophagy in controlling
cellular ROS levels in microalgae (Fig. 3a).

While previous studies showed that nitrogen starvation triggers
lipid accumulation in C. reinhardtii, the influence of autophagy knock-
down on lipid contents was further examined (Lopez Garcia de Lomana
et al., 2015; Valledor et al., 2014). Corroborating with the existing

Table 2
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Fig. 3. The effect of autophagy knockdown on [-carotene and total lipid con-
tents under nitrogen starvation. (a) 3-carotene content. The open circles present
cellular ROS levels, indicating by the relative DCFH-DA fluorescence normal-
ized to ODggo. (b) Total lipid content. The black diamond symbols indicate the
ratio of saturated fatty acids (SFA) to unsaturated fatty acids (UFA). (c) Relative
autophagy activity based on ATG8 protein levels. Western blot images were
quantified using ImageJ and the band intensity of ATG8 was normalized to the
according a-Tubulin. The ATG8/a-Tubulin ratios were displayed. Error bars
represent 95% confidence intervals of the means of three independent re-
plicates. The overlapping confidence intervals indicate no significant differ-
ence.

literature, nitrogen starvation resulted in a 1.58-fold increase in total
lipid content of wild-type cells (Fig. 3b). On the contrary, lipid pro-
duction was not significantly increased in knockdown mutants after
shifting to nitrogen starvation (Fig. 3b). It should be noted that a sub-
stantial amount of precursor for lipid biosynthesis is known to be ob-
tained from the degradation of proteins under N-starvation (Sun et al.,
2018a), and a recent study demonstrated that normal autophagy ac-
tivity is essential for the recycling of ribosomal proteins which in turn
supports lipid accumulation in C. reinhardtii under nitrogen starvation
(Couso et al., 2018). Therefore, it is likely that a reduction in the au-
tophagic activity of knockdown mutants contributed to unsubstantial
increment in algal lipid by limiting the amount of available precursors
for lipid synthesis.

While the ATG8 protein has been widely used as an autophagy in-
dicator in many organisms, western blotting was further used to check

Maximum specific growth rate and biomass productivity of C. reinhardtii wild-type and mutants.

Strain Maximum specific growth rate (max, d™) Exponential phase Stationary phase Biomass productivity (g/L/d)
Cell no. x 107 (cells/ml) DCW (g/L) Cell no. x 107 (cells/ml) DCW (g/L)

WT 2.194 2.32 = 0.22 1.70 = 0.14 2.54 = 0.15 1.85 + 0.14 0.453

K1 1.861 1.31 = 0.15 0.93 + 0.25 2.13 + 0.08 1.50 = 0.07 0.363

K2 1.807 1.22 = 0.06 0.83 = 0.11 2.01 = 0.39 1.48 = 0.11 0.361

Al 1.908 1.71 = 0.36 1.23 = 0.16 2.38 + 0.27 1.73 += 0.18 0.423

A2 1.815 1.61 = 0.30 1.13 = 0.12 2.20 = 0.19 1.60 = 0.04 0.390
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the expression pattern of ATG8 protein in wild-type and mutants and
thereby confirm whether the observed differences in carotenoids and
lipid contents were correlated with autophagy activity (Klionsky et al.,
2016). Under optimal growth condition, wild-type showed a low, yet
detectable level of ATG8, whereas the ATG8 protein bands were below
detection levels in Al and A2 mutants (Fig. 3). It is worth noting that in
K1 and K2 mutants, a faint band of ATG8 could be observed, and this
faint band became more apparent upon a longer exposure time (E-
supplementary data of this work can be found in the online version of
this paper). This suggests that ATG1 knockdown did not suppress the
expression of the downstream ATG8 gene under growth condition. The
results further suggested that the amount of ATG8 sharply increased
upon starvation in the wild-type (i.e., ca. 4 times higher than that in N-
repletion), indicating an increased autophagy activity (Fig. 3c). The
relative band intensities of ATG8/a-Tubulin in K1, K2, A1 and A2
mutants were 0.71 * 0.16, 0.67 = 0.15, 0.36 + 0.21 and
0.33 + 0.08 arbitrary unit (A.U.), respectively, which significantly
lower than that of wild-type (Fig. 3c). Taken together, these data sug-
gest a causal relationship between autophagy activity and the changes
in carotenoids and lipid accumulation in C. reinhardtii.

It has been observed that nitrogen starvation caused remarkable
changes in pigment content and composition in C. reinhardtii (Sun et al.,
2018a). Importantly, the study showed that higher ROS level under
nitrogen starvation is advantageous for the conversion from chlorophyll
to carotenoids, whereas co-treatment with an antioxidant decreased the
percentage of total carotenoids. Taken together, a model is proposed for
the interaction between autophagy and carotenoids in microalgae. In
this model, autophagy and carotenoids may act on the opposite sides of
the metabolic seesaw in maintaining cellular ROS level: the down-
regulation of one side would lead to an enhancement of the other side
to compensate the loss in cellular protection capacitance. In this study,
a decrease in autophagy activity has been shown to trigger the over-
production of B-carotene, a strong antioxidant which could improve
stress tolerance of knockdown mutants under nitrogen starvation. A
trade-off between carotenoids and lipid biosynthesis is therefore ex-
pected, as the two pathways share the same acetyl-CoA precursor (Ma
et al., 2019). However, the ability to produce high yield of natural p-
carotene, for which a rising demand is expected in coming years,
without a substantial compromise in biomass productivity could make
this strategy economically viable (Ambati et al., 2019).

1.63 + 0.25
1.03 + 0.08
3.47 = 0.08
8.45 = 0.52
8.21 = 0.53
19.52 = 2.82
25.65 *+ 2.57
0.51 = 0.72

A2

0.81 = 0.29
0.81 = 0.11
3.63 = 0.09
5.48 + 1.14
5.78 = 0.90
23.75 = 2.53
28.99 + 3.01
0.73 = 0.36

Al

+ 0.02

0.89 + 0.44
0.81 + 0.05
2.73 = 0.03
5.52 = 1.01
5.41 = 0.52
15.69 = 0.51
20.11

0.50 + 0.03

K2

+ 0.13
0.98 + 0.05
3.46 = 0.44
6.19 = 0.36
6.38 = 0.26
16.00 = 0.21
21.44 = 0.05
0.41 + 0.58

1.01

K1

+ 0.43
+ 2.46

+ 0.59

N-starvation

0.75 = 0.05

0.79 = 0.05

2.83 = 0.20

5.01

5.19 = 0.49

10.14 = 2.26

14.51
0.41

WT

3.66 = 0.41
1.37 + 0.11
3.58 = 0.33
17.65 = 0.46
18.01 = 0.53
15.06 = 2.33
23.66 *+ 2.36
0.18 = 0.25

A2

2.74 = 0.23
1.35 + 0.26
3.36 = 0.15
13.94 = 1.24
15.61 = 2.19
15.01 = 1.83
22.46 * 2.46
0.30 = 0.43

Al

3.5. Analysis of fatty acids composition and biodiesel properties

+ 2.09

The fatty acids composition of the extracted total lipid was analyzed
by gas chromatography (Table 4). After transesterification, fatty acid
methyl esters (FAME) in the samples were identified based on a 37-mix
FAME standard (Sigma-Aldrich, USA) and quantitated against a hep-
tadecanoic acid internal standard. In all strains, the fatty acids profiles
were dominated by C16 and C18 components. Interestingly, knock-
down of autophagy led to an increase in saturated fatty acids (SFA) and
monounsaturated fatty acids (MUFA) while reduced the poly-
unsaturated fatty acids (PUFA) portion under both optimal and nitrogen
starvation conditions (Fig. 3b and Table 4). As a consequence of ni-
trogen depletion, the ratio of SFA to UFA was increased from 0.64 to
0.75 in wild-type, whereas it was incremented from 0.69 to 0.83, 0.69
to 0.73, 0.80 to 0.81, and 0.67 to 0.82 in mutant K1, K2, Al, and A2,
respectively (Table 4). The biodiesel quality, as measured by cetane
number, iodine value, and oxidation stability, was improved under
nitrogen starvation in all strains, which agrees well with a previous
study, and this improvement was especially pronounced in the mutants
due to their higher SFA/UFA ratios (Sun et al., 2018a).

It has been reported that under stress conditions, excess ROS can
easily react with PUFA due to the presence of double bonds in their
chemical structures, causing the oxidative degradation of lipids called
lipid peroxidation (Mylonas and Kouretas, 1999). Once the PUFA is
attacked by ROS, it could initiate a chain reaction which eventually

3.67 = 0.43
1.37 = 0.28
3.41 = 0.13
18.10 = 1.66
14.83 = 1.03
23.29 + 1.88
0.24 = 0.34

K2
18.01

18.90 = 0.90

3.90 = 0.03
1.48 + 0.05
3.89 = 0.32
19.05 + 1.18
11.70 = 0.91
20.96 + 1.32
0.16 = 0.22

K1

19.45 = 2.69

3.96 = 0.46
1.54 = 0.70
419 = 0.32
19.24 + 2.35
16.21 = 1.43
25.90 = 291
0.46 = 0.19

N-repletion
@ Values are given as the percent contribution of unidentified peaks to total peak area.

Pigment (mg/g DCW)
Violaxanthin

Total carotenoids
Unidentified * (%)

Neoxanthin
Lutein
Chlorophyll b
Chlorophyll a
B-carotene

Data are presented as the mean + standard deviation (SD) of triplicates.

Pigments composition of C. reinhardtii wild-type and mutants.

Table 3
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results in cellular disruption (Mylonas and Kouretas, 1999). Although
additional studies are required, our results suggest that cells with low
autophagy activity may redirect their metabolic flux from the bio-
synthesis of PUFA to SFA and MUFA, while enhancing the production of
antioxidant carotenoids such as -carotene. These actions seem to col-
lectively contribute to overcoming the impaired autophagic functions,
thereby promoting cellular survival under nitrogen starvation.

4. Conclusions

The present study has demonstrated that increased carotenoid
production can be achieved by regulating autophagic activity via arti-
ficial miRNAs-mediated gene silencing. Using this approach, ATG1 and
ATG8 genes were successfully knockdown in C. reinhardtii. The reduc-
tion in autophagic activity resulted in the overproduction of B-carotene
in all tested mutants under nitrogen starvation. Moreover, the mutants
exhibited a metabolic shift towards SFA and MUFA, which in turn
seemingly improved the quality of fatty acids as precursors for biodiesel
production. This study offers a proof-of-concept that the production of
valuable metabolites is enhanced by regulating the seesaw cross-talk
between two paired pathways in microalgae.
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