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Background.The regulation of lipid biosynthesis is essential in photosynthetic eukaryotic cells. Thus far, no regulatory genes have
been reported in the lipid metabolism pathway. Plant CONSTANS (CO) gene regulates blooming by participating in photoperiod
and biological clock. Apart from regulating photoperiod, the Chlamydomonas CO gene also regulates starch content. Results. In
this study, the results showed that, under HSM-S condition, cells accumulated more lipids at short-day conditions than at long-
day conditions. The silencing of the CrCO gene via RNA interference resulted in an increase in lipid content and an increase
in triacylglyceride (TAG) level by 24.5%. CrCO RNAi strains accumulated more lipids at short-day conditions than at long-day
conditions. The decrease in CrCO expression resulted in the increased expression of TAG biosynthesis-related genes, such as
DGAT2, PAP2, and PDAT3, whereas CIS and FBP1 genes showed a decrease in their mRNA when the CrCO expression was
suppressed. On the other hand, the overexpression ofCrCO resulted in the decrease in lipid content and TAG level.Conclusions.The
results of this study revealed a relationship betweenCrCO gene and lipidmetabolism inChlamydomonas, suggesting that increasing
oil by suppressing CrCO expression in microalgae is feasible.

1. Introduction

Given the risk of depleting traditional fossil fuels such as oil
and coal, people have now realized the urgent need to develop
renewable energy sources. Thus, the use of biodiesel from
microalgae as an important source of renewable energy and
as a vital alternative energy source of future fossil fuel has
attracted increasing attention from scholars and enterprises.
Autotrophic microalgae convert solar energy into biomass
energy, which fix a large amount of CO

2
and store the biomass

energy as lipids in cells in specific strains. For a long time,
studies on the lipidmetabolism pathway ofmicroalgae lagged
behind studies on most crops such as rice, wheat, and corn.
More studies have concentrated on the mechanism of lipid
metabolism and high-density culture, which are significant
to the genetic improvement of high quality strains and the
industrialization of aquaculture.

Photoperiodism, a ubiquitous feature of plants, is the
response of plants to the relative length of day and night.

Photoperiodism is a key factor that affects plant conversion
from vegetative growth to reproductive growth as well as
the plant’s flowering time, which is regulated by a large
and complex genetic network [1]. CONSTANS (CO) is an
important gene that regulates both plant photoperiod and
flowering time [2, 3]. CO homologous genes were identified
in a few plants, such as Hd1 of rice [4], TaHd1 of Tritivum
aestivum [5], StCO of Solanum tuberosum [6, 7], and CrCO
of Chlamydomonas reinhardtii [8], by screening the library
and by homology-based cloning with the CO gene sequence
of Arabidopsis. Meanwhile, CO homologous genes have been
cloned in different species, including rape plants, eastern cot-
tonwood [9], barley [10], tomato [11], pharbitisnil [12], spider
flower [13], radish [14], pea [15], and perennial ryegrass [16].

CO genes were found in multiple copies in most plant
genomes that have been studied. A total of 17 homologous
genes were found in Arabidopsis [17], 16 in rice [18], three in
Solanum lycopersicum [19], four in Brassica napus [20], and
two in Picea abies [21]. CO is a zinc finger transcription factor
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that contains B-box and CCT conservative domains and a
variable region in the middle [22–25]. The N-terminal of CO
has two sequential B-box domains designated as double B-
box (DBB). The B-box domain of CO interacts with proteins
[26], in which the cysteine and histidine that bind to zinc
ion are highly conserved. Conservative amino acidmutations
resulted in a delay in flower production [27]. Ben-Naim et al.
used theB-box of TCOL1 as bait to analyze its interactionwith
immunophilin and/or other proteins that contain B-box and
determined that B-box mainly functions with proteins [19].
The C-terminal of the CO protein is composed of 70 to 80
amino acids, in which approximately 40 are highly conserved
in the CO family [27, 28]. Moreover, the CCT domain of
CO contains a nuclear localization signal that interacts with
COP1 of the ubiquitin ligase [29]. In the present study, the
mechanism of combining CO with DNA is unclear, although
speculation indicated that CO binds to DNA via its CCT
domain to form a complex compound.

Aside from the DBB zinc finger and the CCT domain, the
B-box family of Arabidopsis also contains DBB homologous
CO subfamilies, which have two DBB domains in the N-
terminal that are separated by 8 to 15 amino acids, whereas
the C-terminal does not contain any CCT domains. DBB
homologous subfamilies are encoded by eight genes, namely,
DBB1a (At2g21320),DBB1b (At4g38960),DBB2 (At4g39070),
DBB3 (At1g78600), DBB4 (At4g10240), STO (At1g06040),
STH (At2g31380), and STH2 (At1g75540) [30]. To date, four
of the eight genes have been found to be involved in light-
mediated plant growth and development. STO has a function
in plant salt tolerance and negatively regulates phytochrome
and blue light signal transduction pathway [31]. STH has
a similar function to STO, and they both interact with
ubiquitin ligase COP1 [32]. Both DBB3 and STH2 participate
in regulating plant hypocotyl elongation, early chloroplast
development, and anthocyanin accumulation and in the
positive regulation of deetiolation in Arabidopsis [32–34].

Functions of CO in microalgae have also been reported.
Serrano et al. determined that CrCO regulates light cycle in
Chlamydomonas, and both knockdown and overexpression
of CrCO changed the diurnal cycle of the cells. Thus, related
gene expression and physiological functions are regulated
[8]. Ral et al. determined that CrCO participates in starch
synthesis by regulating theGBSSI gene [35]. Chlamydomonas
CO gene reported by Serrano et al. was used to perform a
BLASTP search in the Chlamydomonas database Phytozome,
and only one homology, g6302, was found (100% identified).
Other homologous proteins containing the B-box domain
were not detected. Nevertheless, seven genes that encode
proteins containing theCCTdomainwere homologous to the
CrCO gene. Based on the number and conservative property
of B-box, 17 genes of the CO gene family can be divided into
three subgroups in Arabidopsis [27, 28]. In addition, eight
genes encoded proteins that are homologous to the DBB pro-
tein subfamily, namely, DBB1 to DBB4, STO, STH, and STH2
[30].These genes regulate multiple physiological functions in
plants, such as bloom, biological clock, photoperiod, growth
and development (DBB1 to DBB4), salt-tolerance (STO),
light signal transduction, hypocotyl elongation (DBB3 and
STH2), early formation of the chloroplast, and accumulation

of anthocyanin [31–34]. Compared with the mass of genes
encoding the DBB subfamily of the CO protein in Ara-
bidopsis, only one gene encoding the CO protein was found
in Chlamydomonas, which indicates that higher plants and
single CO gene in Chlamydomonas had complex functions
such as the regulation of flower production and multicellular
development.

To date, CrCO have not been proven to be involved
in regulating lipid metabolism. In the field of microalgae
lipid metabolism mechanism research, studies have con-
centrated on genes involved in the lipid synthesis pathway
and photosynthetic carbon metabolism pathway, not on
regulating genes. The present study discussed the function of
CrCO gene in lipid accumulation in microalgae cells via the
knockdown and overexpression ofCrCO inChlamydomonas.
Furthermore, the relationship between CrCO gene and lipid
metabolism was revealed by analyzing lipid accumulation at
adverse -P and -S conditions and at long-day and short-day
conditions.

2. Results and Analysis

2.1. Chlamydomonas Accumulated More Lipids in Short Day
(SD) than in Long Day (LD) under -S Conditions. C. rein-
hardtii CC425 was inoculated in a 50mL Erlenmeyer flask
containing an HSM medium and grown until the mid-log
phase (2 × 10𝑒6). The cells were collected after centrifugation
and then equally divided into three parts. Each triplet was
inoculated in 30mL medium of HSM, HSM-S, and HSM-P
and grown at LD condition (16 h light and 8 h dark). Identical
triplets were grown in SD conditions (8 h light and 16 h dark).
The cells grew slightly slower in SD conditions than in LD
conditions in HSM. Moreover, cell proliferation was greatly
reduced in HSM-S compared with that in HSM in LD or
SD conditions, whereas the length of daylight did not affect
cell growth in HSM-P (Figures 1 and 2). The lipid contents
in HSM in SD conditions were no significant difference
compared to the lipid contents in HSM in LD conditions,
similarly, the lipid contents in HSM-P in SD conditions were
no significant difference compared to the lipid contents in
HSM-P in LD conditions (Figures 1 and 2), whereas the lipid
content significantly increased in SD conditions compared
with that in LD conditions in HSM-S.

2.2. Analysis of the Relationship between CrCO mRNA Level
and Lipid Accumulation at -S and -P Conditions. The CrCO
mRNA level remarkably decreased in HSM-P compared with
that in HSM. Moreover, the CrCO mRNA level decreased in
HSM-S compared with that in the control sample (Figure 3).
The lipid content remarkably increased in HSM-S compared
with that in the control sample (Figure 1). The results illus-
trate that the CrCO mRNA level was negatively correlated
with lipid accumulation at -S conditions.

2.3. Silencing of CrCO Gene Increases TAG Content in C.
reinhardtii. Approximately, 1230 bp full-length CDS ofCrCO
DNA fragment was amplified via PCR and cloned into
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Figure 1: Growth curve and lipid contents ofC. reinhardtiiCC425 cultivated in LDor SD conditions. (a) Growth curve ofC. reinhardtiiCC425
cultivated in LD conditions and at -S or- P limitation conditions. (b) Growth curve of C. reinhardtii CC425 cultivated in SD conditions and
at -S or -P limitation conditions. (c) Lipid contents of C. reinhardtii CC425 cultivated in LD conditions and at -S or -P limitation conditions.
(d) Lipid contents of C. reinhardtii CC425 cultivated in SD conditions and at -S or -P limitation conditions. HSM, cells cultivated in the HSM
medium; HSM-S, cells cultivated in the S-free HSMmedium; and HSM-P, cells grown in the P-free HSMmedium.

pMD18T and sequenced thereafter. This fragment exhib-
ited 100% homology with the Chlamydomonas CO gene
(g6302.t1). To determine the relationship between CrCO
expression and lipid accumulation, the effects of the arti-
ficial silencing of CrCO gene on the lipid content of C.
reinhardtii were examined. Based on the CrCO (g6302.t1)
sequences of the gene retrieved from the Phytozome C.
reinhardtii database (http://www.phytozome.net/), primers
used to amplify the fragment of the coding region of CrCO,
were designed.TheDNA fragments were subcloned and then
used to generate CrCO RNAi constructs pMaa7IR/CrCO
IR. More than 100 positive transformants were obtained
after transforming the silencing construct into C. reinhardtii
CC425. Three transgenic algae were selected to measure the
lipid content and mRNA levels of the target gene. Strains
transformed with the vector pMaa7IR/XIR were used as con-
trol samples. In cells harboring the CrCO construct, analysis
results of the transgenic lines via the Nile red fluorescence
method indicate an increase in the lipid content by 13.5%

to 35.2% (Figure 4(b)) after 10 days of cultivation. The TAG
level of the transgenic strain CrCO RNAi18 increased by
24.5% comparedwith that in the control sample (Figure 4(c)).
To evaluate the effectiveness of the RNAi construct, the
abundance of the target gene-specific mRNA in transgenic
algae was analyzed via real-time PCR. The CrCO mRNA
abundance decreased by 90.4% to 95.2% (Figure 4(d)), which
indicates the high-efficiency silencing by these constructs.

Subsequently, the mRNA levels of phospholipid:dia-
cylglycerol acyltransferase PDAT3, acyl-CoA:diacylglycerol
acyltransferase (DGAT2), phosphofructokinase (PFK2), fruc-
tose-1,6-bisphosphatase (FBP1), citrate synthase (CIS), and
phosphatidate phosphatase (PAP2) genes were measured in
transgenic strain CrCO RNAi18. Genes such as PDAT3,
DGAT2, and PAP2 are directly related to lipid synthesis,
which increase the mRNA levels in transgenic strain com-
pared with those in nontransgenic C. reinhardtii CC425 and
Maa7IR/XIR transgenic algae. On the other hand, the CIS
gene, a key enzyme in tricarboxylic acid cycle, and the FBP1
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Figure 2: Microscopic observations of C. reinhardtii under LD or SD conditions after four days of cultivation. Algal cell was observed using a
Zeiss fluorescencemicroscope (10 × 25) after staining with Nile red dye. Orange fluorescence indicates that the oil droplet is mainly composed
of TAG. LD conditions (16 h day time and 8 h dark time); SD conditions (8 h day time and 16 h dark time). HSM, cells cultivated in the HSM
medium; HSM-S, cells cultivated in the S-free HSMmedium; and HSM-P, cells grown in the P-free HSMmedium.The scale bar indicated in
the figure is 3𝜇m.
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Figure 3: Abundance of mRNA of CrCO in HSM, HSM-N, and HSM-P media. mRNA levels of C. reinhardtii CC425 samples grown in the
indicated medium for 1, 2, 3, or 4 d in full daylight were analyzed via RT-PCR. HSM, cells cultivated in the HSM medium; HSM-S, cells
cultivated in the S-free HSMmedium; and HSM-P, cells grown in the P-free HSMmedium.

gene, which is found in gluconeogenesis, showed a decrease
in their mRNA in the transgenic strain (Figure 5).The results
indicate the regulation ofCIS and FBP1 genes byCrCO, which
exhibits negative effects on the regulation of the expression of
lipid biosynthesis genes, such as PDAT3, DGAT2, and PAP2.
The FBP1 and CIS genes exhibited decreased mRNA in the
transgenic strain, CrCO RNAi18, and a glycolysis enzyme,
PFK2, exhibited increased mRNA in the transgenic strain,
which indicated that more carbon is introduced to the fatty
acid and lipid synthesis (Figure 5).

Results similar to the above discussion were obtained
via Nile red staining. More oil droplets were found in
CrCO RNAi18 transgenic algae compared with those in
pMaa7IR/XIR transgenic algae, as determined via micro-
scopic analysis (Figure 6). This result indicates an increase in
cell lipid content via the regulation of CrCO gene expression.

Considering that CrCO gene regulates photoperiod,
would the lipid content of cells at SD or LD conditions change
via RNAi-initiated CrCO knockdown? The results indicate
that transgenic strains exhibited higher lipid content at SD
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Figure 4: The biomass, lipid content detected by Nile red fluorescence method and TAG level, and the mRNA abundance of CrCO in CrCO
RNAi transgenic C. reinhardtii. Cr.CC425, C. reinhardtii CC425; Cr.Maa7, pMaa7IR/XIR transgenic algae strain; CrCO RNAi18 (31, 87), and
pMaa7IR/CrCOIR transgenic algae strains. Statistical analysis was performed using SPSS statistical software. Significance is indicated as
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01.

condition than at LD condition (Figures 7(a) and 7(b)). The
lipid content was measured at both -S and -P conditions in
transgenic strains, and the results indicate that more lipids
were accumulated at SD condition than at LD condition
(Figures 7(c)–7(f)). Thus, more lipids are produced in RNAi
transgenic strains compared with those in the control sample
regardless of the cultivation conditions.

2.4. Overexpression of CrCO Reduced the Lipid Content of C.
reinhardtii. The increase in lipid content caused by the RNAi
silencing ofCrCO suggests the effect of the expression of these
genes on the biosynthesis of triglycerides in C. reinhardtii.
Thus, the capacity of CrCO overexpression to reduce the lipid
content of C. reinhardtii was determined. Vector pCAMCO,
which expresses CrCO gene from the CAMV 35S promoter,
was introduced into C. reinhardtii. The lipid contents and
growth rate of three randomly selected transgenic algae were
determined in each transgenic algae line. The overexpression
of theCrCO gene increased the growth rate of the algae in the
early stages from day two to day four (Figure 8(a)). Moreover,
the overexpression of CrCO decreased the lipid content
of the transgenic algae compared with that in the control
pCAMBIA1302 transgenic algae lines. For example, six days
after the growth of algae in the HSMmedium in full daylight,
the lipid contents of CrCO-overexpressing transgenic lines
decreased by 26.2% to 36.0%, as determined via the Nile
red fluorescence method (Figure 8(b)). The TAG level of the

transgenic strain, pCACO64, decreased by 19.4% compared
with the TAG level of the control sample (Figure 8(c)). Com-
pared with the mRNA levels of pCAMBIA1302 transgenic
strains, the mRNA levels of CrCO increased by 27 to 29 times
(Figure 8(d)). In summary, the overexpression of CrCO gene
decreases lipid synthesis in cells. Decreased lipid content was
also observed via Nile red dye staining (Figure 9). Fewer oil
droplets were found in CrCO-overexpressed transgenic algae
compared with those in the control sample.

3. Discussion

Chlamydomonas CO has a typical DBB zinc finger domain
and a CCT domain in the C-terminal, which has been proven
to regulate photoperiod. Moreover, CrCO has a function in
controlling starch content in Chlamydomonas by regulating
the effects of GBSSI gene expression. In this study, CrCO was
shown to regulate lipid accumulation. The mRNA level of
the CO gene of Chlamydomonas decreased at -S condition
via digital gene expression (DGE) profiling. Considering the
increase in the lipid content at -S condition in cells, knock-
down and overexpression of the CO gene in Chlamydomonas
cells were performed to determine the relationship between
the CO gene and lipid accumulation.The results indicate that
the CO gene was closely correlated to lipid accumulation
because the silencing of the CO gene results in an increase
in the lipid content and the overexpression of the CO gene
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Figure 5: mRNA abundance of PDAT3, DGAT2, PFK1, FBP1,CIS, and PAP2 inCrCORNAi transgenic algae strain, CrCORNAi18. Cr CC425,
C. reinhardtii CC425; Cr.Maa7, pMaa7IR/XIR transgenic algae strain; CrCO RNAi18, and pMaa7IR/CrCOIR transgenic algae strain number
18.

results in a decrease in the lipid content. In addition, the
silencing of the CO gene caused the mRNA level of genes
to contribute to lipid synthesis, such as DGAT2, DGAT1,
and PAP2, which were optimized at daytime. Therefore, we
hypothesized that CrCO facilitates indirect lipid production
by regulating gene-encoding enzymes in the lipid synthe-
sis pathway, namely, DGAT1, DGAT2, and PAP2. The SD
condition exhibited positive effects on lipid accumulation
compared with the LD condition, which wasmore significant
in the -S condition. This conclusion was consistent with
the findings that lipid content changes in CO knockdown
transgenic algae strains. In future studies, emphasis must be
given on how the CO gene works, and the regulation path
way of CO to lipid synthesis gene, such as those of DGAT1,
DGAT2, and PAP2.

4. Materials and Methods

4.1. Bioinformatics, Algal Strain, Cultivation Conditions, and
Biomass Assay. The information on the Chlamydomonas
CO gene (g6302) was obtained from the Phytozome V9.1

Chlamydomonas database (http://www.phytozome.net/). C.
reinhardtii CC425 (mt) was purchased from the Chlam-
ydomonas Genetics Center at Duke University. The cells
grown on tris-acetate-phosphate (TAP) agar plate were
inoculated into 100mL Erlenmeyer flasks containing 50mL
of HSM, P-deficient HSM (HSM-P), and S-deficient HSM
(HSM-S) media [36]. The HSM medium was composed
of NH

4
Cl (0.500 g⋅L−1), MgSO

4
⋅7H
2
O (0.020 g⋅L−1),

CaCl
2
⋅2H
2
O (0.010 g⋅L−1), K

2
HPO
4
(1.440 g⋅L−1), KH

2
PO
4

(0.720 g⋅L−1), NaAc (2.000 g⋅L−1), H
3
BO
3

(0.001 g⋅L−1),
MnCl

2
⋅4H
2
O (0.005 g⋅L−1), ZnSO

4
⋅7H
2
O (0.022 g⋅L−1),

FeSO
4
⋅7H
2
O (0.005 g⋅L−1), CoCl

2
⋅6H
2
O (0.002 g⋅L−1),

Na
2
Mo
7
O
24
⋅4H
2
O (0.002 g⋅L−1), and Na

2
⋅EDTA (0.050

g⋅L−1). The HSM-P medium contained K
2
HPO
4

and
KH
2
PO
4
, which can be replaced with KCl. The HSM-S

medium contained MgSO
4
⋅7H
2
O, which can be replaced

with MgCl
2
⋅6H
2
O. Generally, cultures were maintained in

an incubator shaker at a rate of 230 rpm at 25∘C and then
exposed to continuous illumination at a light intensity of
150 𝜇mol⋅m−2⋅s−1. The samples tested in LD conditions were
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Figure 6:Microscopic observations ofCrCO transgenicC. reinhardtii.After six days of cultivation in full daylight andHSMmedium,more oil
droplets of CrCO RNAi transgenic algae were found. Cr.Maa7, pMaa7IR/XIR transgenic algae strain. CrCO RNAi18, and pMaa7IR/CrCOIR
transgenic algae strain number 18. The scale bar indicated in the figure is 2 𝜇m.

incubated in a light time of 16 h at daytime and 8 h at dark,
whereas samples tested in SD conditions were incubated in a
light time of 8 h at daytime and 16 h at dark.

Biomass concentration (g/L) was determined by measur-
ing the optical density of the samples at 490 nm (OD490), as
described by an earlier study [37]. To generate the standard
curve, a series of C. reinhardtii CC425 samples of different
biomass concentrations was collected. The OD490 value and
cell dry weight were gravimetrically determined using dried
cells to plot the standard curve of OD490 versus biomass
concentration (g/L). The samples were diluted to appropriate
ratios to ensure that themeasuredOD490 values ranged from
0.15 to 0.75, if applicable. The biomass concentration was
then calculated using the following formula: cell dry weight
(g/L) = 0.7444∗OD490−0.0132 (Supplementary data Figure
1 available online at http://dx.doi.org/10.1155/2014/715020).

4.2. Lipid Content Analysis. Nile red fluorescence method
and GC/MS were performed to determine lipid and TAG
levels [38, 39]. The algal cells were directly stained with
0.1mg/mL Nile red for 10min, and fluorescence was then
measured at excitation and emission wavelengths of 470 and

570 nm, respectively. The fluorescence value was calculated
using the equation: FD (470/570) = (A2−A1), where A2 is the
fluorescence value of the algal cells after stainingwithNile red
and A1 is the fluorescence of algal cells before staining (Sup-
plementary data Figure 2). Total lipid extraction was carried
out according to amodifiedmethod. Logarithmic-phase algal
cells were collected after centrifugation and extracted using
an extraction buffer (methanol : chloroform :methanoic acid,
2 : 1 : 0.1), 1MKCl, and 0.2MH

3
PO
4
.The lipidswere obtained

after centrifugation at 13780×g for 3min. For TAG separa-
tion, Si60 silica TLC plates for thin-layer chromatography
(TLC) were used. The TLC plates were immersed in 0.15M
(NH4)

2
SO
4
for 30 s and stored in an airtight container for

two days. The plates were then placed in an oven at 120∘C for
2.5 h and cooled at room temperature.The samples were then
added with N

2
flow. TAGs were observed on TLC plates via

iodine staining. Lipid analysis was conducted as previously
described. Fatty acid methyl esters derived from TAG were
analyzed viaGC/MS [40]. Formicroscopic assay, imageswere
acquired using a Nikon 80i Fluorescence Microscope after
the cells were stained with Nile red. Nile red signals were
captured at an excitationwavelength of 480 nm, and emission
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Figure 7: Lipid contents ofCrCO transgenic strains cultivated at LD or SD conditions. (a) Lipid contents ofCrCO transgenic strains cultivated
under SD conditions in theHSMmedium. (b) Lipid contents ofCrCO transgenic strains cultivated under LD conditions in theHSMmedium.
(c) Lipid contents of CrCO transgenic strains cultivated under SD conditions in the HSM-P medium. (d) Lipid contents of CrCO transgenic
strains cultivated under LD conditions in the HSM-P medium. (e) Lipid contents of CrCO transgenic strains cultivated under SD conditions
in the HSM-S medium. (f) Lipid contents of CrCO transgenic strains cultivated under LD conditions in the HSM-S medium. Cr.Maa7,
pMaa7IR/XIR transgenic algae strain; CrCO RNAi18 (31, 87), and pMaa7IR/CrCOIR transgenic algae strains.

was obtained between 560 and 600 nm [41–43]. A total of 30
cell lipid droplets from each algal strain were examined to
determine the difference between the lipid contents.

4.3. RNA Extraction. Total RNA was prepared as described
by Li et al. with modification [44]. Cells from 10mL of culti-
vated algae were collected after centrifugation at 10000×g for
1min. After a series of extractions using phenol-chloroform,

nucleic acids were precipitated with two volumes of absolute
ethanol and then washed with 75% ethanol. Finally, the air-
dried pellet was dissolved in 40 𝜇L of RNase-free water. RNA
concentration was determined via spectrophotometry, and
the integrity was examined via agarose gel electrophoresis.

4.4. Cloning of the CrCO Gene. The first strand of cDNA
was synthesized using SuperScript III Reverse Transcriptase
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Figure 8: Biomass and lipid content detected via the Nile red fluorescence method, TAG level, and mRNA abundance of CrCO in CrCO-
overexpressed transgenicC. reinhardtii. Cr.CC425,C. reinhardtiiCC425; Cr.pCAMBIA, pCAMBIA1302 transgenic algae strain; pCACO11 (64,
91), and pCAMCO transgenic algae strains. Statistical analysis was performed using SPSS. Significance is indicated as ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

(Invitrogen, USA) according to the manufacturer’s instruc-
tions. A fragment of the CrCO gene was amplified via
polymerase chain reaction (PCR) by using primers CrCOL:
5-ATGTCGAGTTGCGTCGTGTGCG-3 and CrCOR: 5-
TTAGCACTCAGCGTCCAGGACCTCG-3. PCR reactions
were performed in a final volume of 25𝜇L containing 1×
PCR reaction buffer, 2mMMgCl

2
, 0.4 𝜇mol of each primer,

0.25mMdNTPs, 1𝜇L of DMSO, 0.5M betaine, and 0.5U Taq
DNApolymerase (Promega, USA) according to the following
program: 4min at 95∘C; 35 cycles of denaturation for 40 s
at 95∘C, annealing for 40 s at 58∘C, and elongation for 20 s
at 72∘C; 10min at 72∘C. After purification using the EZ-
10 Spin Column DNA Gel Extraction Kit (BBI, Canada),
the DNA was inserted into vector pMD18-T following the
manufacturer’s instructions (TaKaRa, Japan). The resulting
plasmid was designated as pMD18T-CrCO. The sequences
of the cloned CrCO gene were verified via double-stranded
sequence analysis (Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd).

4.5. Construction of the RNAi Vector against the CrCO
Gene. A fragment of C. reinhardtii 18S gene was amplified
with primers 5-CGAACTTCTGCGAAAGCAT-3 and 5-
TCAGCCTTGCGACCATACT-3 and then inserted into
pMD18-T to produce pMD18T-18S. The fragment of CrCO

and its reverse complementary sequences were amplified via
PCR by using pMD18T-CrCO as a template and the following
primers: CrCORNAiL: 5-AGCTGCTACGCACGAGACCG-
3 and CrCORNAiR: 5-GCCCATGTCGAGCCAGTTGT-3.
The PCR fragment was then digested with KpnI/BamHI and
HindIII/SalI andwas inserted into the corresponding cloning
sites of pMD18T-18S to yield pMD18-CrCOF-18S-CrCOR,
which contained an inverted repeat sequence ofCrCO (CrCO
IR). pMD18-CrCOF-18S-CrCOR was double-digested with
KpnI and HindIII to obtain CrCO IR. Finally, the CrCO IR
was inserted as a blunt-end fragment into EcoRI-digested
pMaa7/XIR to yield pMaa7IR/CrCO IR.

4.6. Construction of Overexpression Vector of CrCO Gene for
Chlamydomonas. To construct the overexpression vector of
the CrCO gene, the coding sequence of CrCO was ampli-
fied via PCR by using pMD18T-CrCO as a template and
primers 5-AAAGATCTAATGTCGAGTTGCGTCGTGTG-
3 and 5-AAACTAGTTTAGCACTCAGCGTCCAGGA-3.
The fragment was digested with NcoI/SpeI and inserted
into similarly digested pCAMBIA1302 to produce pCAMCO,
which allows the overexpression of CrCO.

4.7. Transformation of Chlamydomonas. The transformation
of C. reinhardtii strain CC425 was performed as described by
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Cr.CC425 Cr.pCAMBIA pCACO64

Figure 9: Lipid content in transgenic algae line detected via Nile red staining. After six days of cultivation in the HSM medium, little oil
droplets ofCrCO transgenic algae were found. Cr.pCAMBIA, pMCAMBIA1302 transgenic algae strain; pCACO64, and pCAMCO transgenic
algae strain number 64. The scale bar indicated in the figure is 2 𝜇m.

Kindle [45]. C. reinhardtii cells were grown in a TAPmedium
to a cell density of (1 to 2) × 106 cells/mL. The cells were
collected after centrifugation, washed twice, and resuspended
in the TAP medium to a cell density of approximately 1 ×
108 cells/mL. Plasmid DNA was introduced into the cells
via the glass bead procedure. In each case, 2 𝜇g of plasmid
DNA was included in a mixture containing 400𝜇L of cells,
100 𝜇L of 20% polyethylene glycol, and 300mg of sterile
glass beads. The reaction was mixed for 15 s on a benchtop
vortex. To allow the induction of RNAi or gene expression,
the cells were allowed to recover for 1 d before plating
onto selective media. RNAi transformants were selected on
the TAP medium containing 1.5mM L-tryptophan, 5 𝜇g/mL
paromomycin, and 5𝜇M 5-FI. pCAMCO transformants
were selected on the TAP medium containing 50 𝜇g/mL
hygromycin. The plates were incubated under dim light
(approximately 50 𝜇mol⋅m−2⋅sec−1 photosynthetically active
radiation). The isolated transgenic strains were kept at a
constant selective pressure.

4.8. Quantitative Real-Time PCR. The samples were sub-
jected to real-time PCR analysis as described by Fei and
Deng [46]. RNA was extracted using TRIzol reagent (Sangon
Biotech, Shanghai, China). Single-strand cDNAwas obtained
using 100 ng of the RNA sample and a random primer at 65∘C
for 5 min, 25∘C for 5min, and 42∘C for 50min in a Bio-
Rad iScript select cDNA synthesis kit. Real-time PCR was
conducted in a BioRad iCycler iQ real-time PCR detection
system by using SYBR Green as the fluorescent dye. Each
reaction was conducted in a final volume of 25 𝜇L with
the following components: 0.2 pmol of each primer, 1 𝜇L of
cDNA, and 12.5 𝜇L of SYBR Green Mix (Invitrogen SYBR
Greener QPCR). Water was used to adjust the volume to
25 𝜇L. The iCycler run protocol was performed as follows:
denaturation at 95∘C for 5min, 40 cycles of denaturation at
95∘C for 30 s, annealing at 54∘C for 30 s, and amplification
at 72∘C for 15 s. The specificity of the PCR amplification was
examined using a melting curve program (55∘C to 100∘C
at a heating rate of 0.5∘C/s). 18S rRNA was used as the
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control sample with primers 18SrRNAF (5-TCAACTTTC-
GATGGTAGGATAGTG-3) and 18SrRNAR (5-CCGTGT-
CAGGATTGGGTAATTT-3). 18S rRNA expression was
measured and determined to be constant at all conditions.
The gene-specific primers listed in Supplementary data Table
1 were used to evaluate the quantity of target cDNA. The
amplification rate of each transcript (Ct) was calculated via
the PCR baseline-subtracted method and performed in the
iCycler software at a constant fluorescence level. Cts were
determined over three repeats. Relative fold differences were
calculated based on the relative quantification analytical
method (2−ΔΔCT) by using 18S rRNA amplification as the
internal standard [47].
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