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Abstract

Background: The regulation of genes related to lipid metabolism by genetic engineering is an important way to
increase the accumulation of lipids in microalgae. DNA binding with one finger (DOF) is a plant-specific transcription
factor in higher plants, where it regulates carbon and nitrogen metabolic pathways by regulating key genes involved
in these pathways. Overexpression of DOF can increase lipid production in plants; however, it is not clear whether
overexpression of DOF can increase lipids in microalgae.

Results: In this study, we cloned a DOF transcription factor, crDOF, from Chlamydomonas reinhardtii. The sequence of
this transcription factor is 1875 bp and encodes a peptide of 624 amino acids with a conserved DOF domain. Overex-
pression of crDOF in C. reinhardtii significantly increased the intracellular lipid content. The content of total fatty acids
in the transgenic algae line Tran““P°F-12 was 126.01 ug/mg (dry weight), which was 23.24% higher than that of the
wild type. Additionally, the content of unsaturated fatty acids in the transgenic Tran““%"-12 line increased signifi-
cantly. Fluorescence quantitative PCR analysis showed that in the transgenic line Tran““P7-12, the expression levels

ACP1, ACST, CIST1 and SQD2 were downregulated.

production of biodiesel.

of BCC1, FAT1, SQD1, MGD1, DGD1 and PGP1 genes were significantly upregulated, while the expression levels of

Conclusions: Our results confirm that crDOF increases intracellular lipids in C. reinhardtii by regulating key genes
involved in lipid metabolism. According to these findings, we propose that enhancing the lipid content in microalgae
by overexpressing DOF may be achieved in other industrial strains of microalgae and be employed for the industrial
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Introduction

Third-generation biodiesel technology with microalgae
lipids as the raw material has received widespread atten-
tion. Compared with other oil crops, microalgae have the
advantage of fast growth, low culture cost, and high pho-
tosynthetic and lipid production efficiency. More impor-
tantly, microalgae are not limited by cultivating land,
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irrigation and nutrition and can effectively convert solar
energy into lipids [1, 2]. However, the natural microal-
gae lipid content is limited, resulting in a higher price for
microalgae biodiesel. Therefore, increasing the amount of
lipids in microalgae is the key issue in the current study.
In recent years, genetic engineering has been widely
used to improve the amount of lipids in microalgae [3, 4].
Related studies have focused on the overexpression of key
enzymes in fatty acid synthesis [5] or in triacylglyceride
synthesis [6] and on knockout or inhibition of enzymes
that compete with lipid accumulation [7, 8]. Most of the
studies concentrated on single-gene/enzyme regulation.
However, the synthesis and consumption of lipids are a
complex metabolic network, rather than a single path
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level, in vivo. Multiple gene regulation should be pre-
ferred. Thus, the idea of multigene regulation by tran-
scription factors provides a new choice and may greatly
reduce the cost in the future.

DOF (DNA binding with one finger) transcription fac-
tors are plant-specific transcription factors. These tran-
scription factors contain a single Cys-rich zinc finger
DNA-binding domain that can specifically recognise the
plant promoter and thereby activate or inhibit plant gene
expression. In higher plants, DOF transcription factors
are involved in a variety of biological processes, includ-
ing photoreaction and photosynthetic pigment response,
seed development and germination, carbon and nitrogen
metabolism, and defence functions. More importantly,
studies have shown that plant DOF transcription factors
are also involved in lipid metabolism. Overexpression
of a soybean DOF transcription factor in Arabidopsis
increased the total lipid content in seeds [9]. Overexpres-
sion of a soybean DOF transcription factor in Chlorella
ellipsoidea increased cell lipid content by 46.4-52.9%
[10]. However, little is known about DOF transcription
factors in microalgae. Only a potential ancestral DOF
gene, crDOF, was discovered in C. reinhardtii [11]. How-
ever, the specific function of this gene is unclear, and it is
also unknown whether it regulates lipid metabolism. To
explore the relationship between crDOF and lipid metab-
olism, in this study, we cloned crDOF, overexpressed it in
C. reinhardltii, and analysed the intracellular lipid content
in the transgenic cell lines. Furthermore, we suggested
that crDOF enhances lipid accumulation by modulating
key genes involved in lipid metabolism through fluores-
cent quantitative RT-PCR.

Results

Analysis of the DOF gene in C. reinhardtii

There is only one annotated DOF transcription factor
gene in C. reinhardtii, which is located on chromo-
some 12 and has a length of 3.83 kb. The cDNA, ¢rDOF,
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was successfully cloned by RT-PCR with the primers
listed in Table 1. The ¢rDOF is 1875 bp and encodes
624 amino acids, which is identical to the sequence of
Crel2.g521150 in the genome. Multiple alignment of
the deduced crDOF encoding protein with other known
plant DOF proteins showed that a highly conserved
region of 50 amino acids was located in the N-terminal
region (Fig. 1). In this region, four conserved Cys resi-
dues form a C(X),C(X),;C(X),C motif that can form a
single zinc finger-like structure together with Zn?>*. In
addition, this sequence contains Tyr and Trp residues
necessary for DNA binding. Furthermore, MEME was
used to analyse the distribution of domains in all the
DOF sequences, as shown in Figs. 1 and 2. Three motifs
were found after MEME analysis. Motif 1, representing
the DOF domain, was present in all selected proteins
and located in the N-terminal conserved region using
multiple alignment. Motif 2, representing the GI-bind-
ing domain, and motif 3, representing the FKF1-bind-
ing domain, were found at the C-terminus. However, as
shown in Fig. 2, motif 2 and motif 3 were not found in
the DOF sequences from C. reinhardtii, G. max, V. car-
teri, P. dulcis, H. vulgare, O. taur and P. trichocarpa.

The DOF protein phylogenetic tree was constructed
with Mega 6.0 using the neighbour-joining method. As
shown in Fig. 2, DOF proteins were divided into three
clusters. Cluster 1 was made up of algal DOF proteins
derived from C. reinhardtii, V. carteri and O. taur, and
they only contained motif 1. Clusters 2 and 3 consisted
of DOF proteins derived from higher plants. DOF pro-
teins in cluster 2 contained motif 1 only, while DOF
proteins in cluster 3 contained all three motifs. In this
phylogenetic tree, crDOF was most closely related to V.
carteri DOF. The sequence identity between them was
82%. From the above results, we inferred that crDOF
is the endogenous DOF transcription factor in C.
reinhardtii.

Table 1 The content of fatty acid components in wild-type and transgenic lines

Fatty acid Wild type (ng/mg DW) Tran““P%F.12 (ug/mg  Increase (%) Tran“9°%F.60 (ug/mg  Increase (%)
Dw) DW)
[@F0] 32.38+0.12 413740.13* 27.79 42.11£0.01* 30.07
Cle:1 0.794£0.01 40940.11%* 416.46 458 40.04** 478.26
180 7.5240.06. 5.7240.01 —2394 8.254+0.07 9.75
181t 9.9540.11 530+0.19* —46.781 15.37+£0.19* 54.44
C181c 498+0.13 9.274+0.15* 86.07 1526 £0.18** 206.36
182t 13.84+0.02 13.96+0.04 0.89 1440+£0.22 4.05
C18:3n6 3280+£0.22 47404£0.03** 4453 37.54+£027* 1448

* Significant increase (p < 0.05) compared with control strain cc849. ** Extremely significant increase (p <0.01) compared with control strain cc849

# Very significant decline (p <0.05) compared with control strain cc849
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Fig. 1 Multiple alignment of DOF proteins from C. reinhardtii, G. max, V. carteri, G. soja, M. truncatula, S. bicolor, J. curcas, P. abies, P pinaster, I. batatas, P
dulcis, P grandiflorus, H. vulgare, N. tabacum, T. cacao and P trichocarpa. The red box within the alignment and corresponding sequence logo denotes
the conserved motifs identified by the MEME programme
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Fig. 2 a Phylogenetic analysis of crDOF with DOFs from G. max, V. carteri, G. soja, M. truncatula, S. bicolor, J. curcas, P. abies, P. pinaster, |. batatas, P
dulcis, P. grandiflorus, H. vulgare, N. tabacum, T. cacao and P trichocarpa (sequence IDs listed in Additional file 5: Table S2). The tree was constructed
using the neighbour-joining algorithm. Numbers at branch points are bootstrap percentages derived from 1000 replicates. b The MEME motifs are
shown in different coloured boxes

Overexpression of the DOF transcription factor in C.
reinhardtii

Previous reports have shown that overexpression of the
soybean DOF transcription factor in C. reinhardtii can
increase the intracellular lipid content [11]. As a result,
whether overexpression of c¢crDOF can increase lipid
accumulation was studied. To this end, the soybean DOF
was selected as a positive control. Codon analysis showed
that the average difference in codon usage between soy-
bean and C. reinhardtii was 54.58% and that the differ-
ence is more obvious in codons containing C and G only
(GCQG, CGC, etc.). Therefore, we optimised the soybean
DOF gene according to the codon preference of C. rein-
hardtii. The optimised gene, gDOF (accession number:
XP_001696918.1), has a G+ C content of 70.8% and a
CALI value of 0.616, which is more consistent with the
codon preference of nuclear C. reinhardtii. The codon
usage of gDOF compared with non-optimised soybean
DOF is shown in Additional file 1: Figure S1.

To overexpress crDOF and gDOF in C. reinhardtii,
both genes were inserted separately downstream of the
heat-inducible HSP70-RBCS2 promoter in the vector
pJDHSP and then transformed into C. reinhardtii. After
3 weeks, about 50 transformants of each type were ran-
domly selected for verification the integration of DOF
expression unit. Because random integration of an exoge-
nous gene in C. reinhardtii often results in varied expres-
sion levels, about 20 PCR-verified transformants were
selected to screen for relatively higher mRNA levels by
qRT-PCR. Compared with wild type, most transformants
showed higher mRNA expression levels with or without

heat induction. Moreover, heat induction significantly
increased the expression of mRNA. As shown in Fig. 3,
the mRNA levels of crDOF and gDOF were significantly
different among transformants after heat induction. The
mRNA levels of crDOF in Tran®“"POF transformants # 2,
10, 12, and 21 all showed a more than twofold increase
over that of wild-type cc849 after heat induction. Among
them, Tran®“POF.12 exhibited the highest mRNA
level, which was almost a 2.5-fold increase over that
of cc849. Similarly, the Tran®#P°F transformants # 10,
11, 23 and 60 showed high mRNA levels. Among them,
Tran“8P°F-10 showed the highest mRNA level, which
was 4.1-fold higher than that of Tran“®P°F-12 which
showed the lowest mRNA level.

Analysis of lipid accumulation in transgenic microalgae

BODIPY 505/515 can specifically stain intracellular neu-
tral lipids and shows green fluorescence under blue light
excitation. The fluorescence intensity of BODIPY is posi-
tively correlated with the intracellular lipid content [12].
Therefore, the BODIPY staining method was used to
quantify the neutral lipids in transgenic algae. As shown
in Fig. 4, most transgenic algae exhibited higher fluores-
cence intensity after BODIPY staining than wild-type
cc849. The fluorescence intensity of Tran®“POF transfor-
mants # 11, 12, 15, and 17 showed a significant increase
(p<0.01), among which Tran®“P9F-12 showed the high-
est fluorescence intensity, being 1.8-fold higher than
that of the wild-type strain. The fluorescence intensity
of Tran“#P°F transformants # 10, 12, 23 and 60 showed
a significant increase (p<0.01). The highest fluorescence
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Fig. 3 The mRNA levels of the DOF transcription factor gene in
transgenic microalgae. (*) indicates a significant difference (P <0.05)
compared to the control strain; (**) indicates an extremely significant
difference (P <0.01) compared to the control strain. (@ The mRNA
levels of crDOF were clearly different among transformants. b The
mRNA levels of gDOF were significantly different among different
transformants of C. reinhardtii.)
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intensity was found in Tran®8P9F-60, which showed a 1.5-
fold higher fluorescence intensity than that of the wild-
type strain. And after induction, the transformants even
showed higher fluorescence intensity over time (Addi-
tional file 2: Figure S2). These data indicated that crDOF
actually affected the neutral lipids, mainly TAG, content,
and overexpression of crDOF can obviously increase
intracellular TAG in Chlamydomonas reinhardtii. To
further explore the specific effects of DOF transcription
factors, transgenic Tran®“POF_12 and Tran®8"°F-60 were
selected for subsequent experiments.

The growth curves of transgenic Tran®“P9F-12 and
Tran“®P9F-60 are shown in Additional file 3: Figure S3.
Compared with wild-type cc849, their growth rate did
not show a significant difference, indicating that crDOF
and gDOF did not influence the growth of C. reinhardtii.
The fatty acid content and components of these two
transgenic algae were analysed by GC-MASS. Three rep-
licates were used for each strain. The results showed that
the main fatty acids in the transgenic algae were C16:0
(palmitic acid), C16:1 (palmitoleic acid), C18:0 (stearic
acid), C18:1t (oleic acid), C18:1c (methyl oleate), C18:2t
(linoleic acid) and C18:3n6 (methyl linolenate).

As shown in Fig. 5a, the total fatty acids of heat-
induced Tran®“POF.12, Tran“®P9f.60 and wild-type
cc849 were 126.01 pg/mg, 137.94 pg/mg and 102.32 pg/
mg DCW (dry cell weight), respectively, which were
23.2 and 30.1% higher than that of cc489, with a sig-
nificant difference (P <0.01). The neutral lipid content
of Tran®“POF.12 and Tran®#P°F-60 was approximately
2- and 1.36-fold higher that of cc849, as characterised
by BODIPY staining (Fig. 5b). Intracellular fatty acid
profiles of Tran®8P9f.60, Tran®“PF-12 and cc849
were analysed by GC-MASS. As shown in Table 1,
although the most prominent fatty acids in all micro-
algae remained C16:0, C18:1 and C18:3, their content
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had changed considerably when compared to that of
cc849. The content of fatty acids C16:1 and C18:3n6
was increased significantly (»p<0.01) in Tran®<PF.12,
with increases of 416.46% and 44.53%, respectively.
Similarly, the content of fatty acids C16:1 and C18:1c
increased significantly (p<0.01) in Tran®#P°F-60, with
increases of 478.26% and 206.36%, respectively. In
other words, the content of intracellular unsaturated
fatty acids increased significantly in transgenic algae
Tran“8P°F_60 and Tran®POF-12,

The intracellular lipid droplet distribution in algae
was stained by BODIPY505/515, was visualised by a
laser confocal microscope and is shown in Fig. 5c. The
brightness and number of lipid droplets in transgenic
Tran““POF.12 and Tran“8P9F-60 were stronger and
higher than those in ¢c849. In addition, lipid droplets of
transgenic strains were larger than those of cc849. These
results showed that crDOF had a function in lipid syn-
thesis similar to that of soybean DOF transcription factor
and that overexpression of crDOF in C. reinhardtii could
significantly increase the amount of intracellular lipids
and the content of unsaturated fatty acids.

Quantitative analysis of key genes in lipid synthesis

The above results showed that overexpression of crDOF
could increase intracellular lipids in C. reinhardtii. To
further explore the reasons for this increase, the mRNA
levels of 10 key enzyme genes (BCCI, ACPI, SQDI,
SQD2, MGDI1, DGDI, FAT1, CIS1, ACSI and PGPI),
which play key roles in the lipid metabolism of C. rein-
hardtii, were analysed. As shown in Fig. 6, the mRNA
levels of key genes involved in lipid metabolism in trans-
genic lines exhibited distinct profiles when compared to
those in wild-type cc849. The changes in mRNA levels
are summarised in Table 2. The mRNA levels of BCC],
FATI, SQD1, MGDI, DGDI and PGPI in Tran®“P9F.12
were significantly upregulated to 2.04, 2.55, 1.81, 1.77,
4.48 and 2.21 times those in the wild type, respectively.
The mRNA levels of ACP1, ACS1, CISI and SQD2 genes
were downregulated to 0.25-, 0.33-, 0.07- and 0.21-fold
those in the wild type, respectively. Similar changes were
found in Tran“8P9F-60, where the mRNA levels of BCCI,
FATI, SQD2, DGDI and PGPI were 2.22, 1.81, 1.88, 2.29
and 3.23 times those in the wild type, while the mRNA
levels of ACP1 and ACSI decreased to 0.49 and 0.33
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Fig. 6 Expression profiles of ten genes that have effects on lipid
metabolism in transgenic algae Tran““P°-12 and Tran<9°°F-60
and control strain cc849 by quantitative real-time (QRT-PCR).

* indicates a significant difference (p <0.05) compared to the
control strain; ** indicates an extremely significant difference
(p<0.01) compared to the control strain. BCCT acetyl-coA biotin
carboxyl carrier 1, ACPT acyl-carrier protein, FATT fatty acyl-acyl
carrier protein thioesterase, ACST acetyl CoA synthetase, CIS1
citrate synthase, SQD1 UDP-sulfoquinovose synthase, SQD2
sulfolipid synthase, MGDT monogalactosyldiacylglycerol synthase,
DGD1 digalactosyldiacylglycerol synthase, PGP phosphatidyl
glycerophosphate synthase

times those in the wild type. However, the mRNA levels
of CIS, SQDI and MGDI did not change significantly.
Overall, the mRNA levels of BCCI, FATI, DGDI and
PGPI in transgenic lines increased significantly, while
the mRNA levels of ACP1 and ACSI genes were down-
regulated. Among the upregulated genes, BCCI is a com-
ponent of the acetyl coenzyme A carboxylase complex,
which catalyses the first step of fatty acid synthesis. FAT1
is a distinctive domain within a large multifunctional
fatty acid synthase polyprotein, which plays a key role in
fatty acid elongation, while DGDI and PGPI are involved
in glyceride synthesis. These data suggest that crDOF
increased the mRNA levels of key enzyme genes in fatty
acid and glyceride synthesis pathways in C. reinhardtii.
We also found that the mRNA level of long-chain acyl-
CoA synthase ACS1, which is responsible for free fatty
acid activation and degradation, was downregulated. This
finding indicates that crDOF may affect the degradation
of fatty acids in vivo. In summary, we believe that crDOF
enhanced intracellular lipid accumulation by influencing
lipid metabolism-related genes.

Hyperaccumulation of lipids in transgenic algae

by multiple rounds of heat induction

The heat-inducible promoter HSP70-RBCS2 can be
induced multiple times for enhanced protein overexpres-
sion. Thus, the effect of three rounds of heat induction on
lipid accumulation in transgenic lines was further inves-
tigated. The mRNA levels of crDOF in Tran®“POF-12 at
0 h, 1h,2h and 4 h after each round of heat induction
are shown in Fig. 7a. In each round of heat induction, a
peak could be found at 1 h, and the mRNA levels gradu-
ally decreased with the elongation of recovery time. Thus,
a wave-like mRNA expression pattern appeared dur-
ing the whole process of three rounds of heat induction.
The three peak mRNA levels of crDOF in Tran®“POF_12
after the first, second and third rounds of heat induction
were 2.52-, 2.56- and 3.51-fold higher than those in the
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Table 2 Fold changes in mRNA levels of lipid metabolism-
related genes in transgenic algae

Gene Tran<<POF_12 Tran<9°°F.60
BCCI 1 2.04% 12227
ACP1 1 025" 1 049"
FATI 42.55%* 1181%
ACS1 1033* 1 033"
cisi 1007% NC
sQD1 1181% NC
sQD2 1021 11.88*
MGD1 A1.77%% NC
DGD1 1 4.84%x 1 2.20%
PGP1 12.21% 1 3.23%

* Significant increase compared with control strain cc849 (p < 0.05). ** Extremely
significant increase (p <0.01) compared with control strain cc849

# Significant decrease (p < 0.05) compared with control strain cc849. #Extremely
significant decrease (p <0.01) compared with control strain cc849. NC: no
significant change

control, respectively. Similar results were also found in
the transgenic line Tran“8P9F-60 (Fig. 7b) with 2.88-,
3.21-, and 4.12-fold increases in the mRNA levels of
gDOF after each round of heat induction.

After multiple rounds of heat induction, the transgenic
algae obviously accumulated more lipids. The total lipid
content in Tran®“POF.12, Tran®8PF_60 and cc849 was
179.82 pg/mg, 201.19 pg/mg and 118.42 pg/mg DCW,
respectively, which showed increases of 51.85% and
69.89% over that of the control strain. The intracellular
fatty acid profiles of Tran®®P°F-60, Tran““P9F.12 and
cc849 are listed in Table 3. The content of common kinds
of fatty acids, such as C16:0 and C18:1, in both transgenic
algae showed a significant increase. This finding indicated
that the expression of crDOF in a transgenic line could
be regulated by multiple rounds of heat induction, which
could further increase the intracellular lipid content.

Discussion

Increasing the content of intracellular lipids by genetic
engineering has always been the core problem of micro-
algae energy research. To date, strategies for enhancing
lipid accumulation by genetic engineering in microalgae
can be mainly classified into three categories. The first
category is the regulation of key genes that are directly
involved in lipid metabolism pathways, such as de novo
synthesis of fatty acids, synthesis of triglycerides, and
beta-oxidation of fatty acids. The most common regu-
lated genes include ACCase (the first rate-limiting
enzyme in de novo fatty acid synthesis), fatty acid syn-
thase (FAS, responsible for fatty acid chain extension),
3-phosphoglycerol dehydrogenase (G3PDH), glycerol-
3-phosphate acyltransferase (GPAT), lysophosphatidic
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diacyltransferase (LPDAT), phospholipid:diacylglycerol
acyltransferase (PDAT), phosphatidate phosphatase
(PAP), and diacylglycerol acyltransferase (DGAT) [13—
18]. The second category is the regulation of genes not
directly involved in, but relevant to, lipid metabolism.
In this method, the regulated genes are often related to
starch synthesis, glucose metabolism, the citric acid cycle
and amino acid metabolism, and examples of these genes
include ADP-glucose pyrophosphorylase (AGPase) [19],
phosphoenolpyruvate carboxylase [8] (PEPC), citrate
synthase (CIS) [20] and malic enzyme (ME) [6]. The third
category is the regulation of global factors, for example,
transcription factors. Thus far, the reported transcrip-
tion factors involved in lipid metabolism are DOF, SNF2,
bHLH and PHR1 [9, 21-23]. In general, the first two cat-
egories mainly involve single-gene regulation, which may
have a poor or even no effect. For example, overexpres-
sion of the ACCase gene in a diatom (C. cryptica), despite
increased ACCase activity, did not result in a significant
increase in lipid content [24]. Notably, the method of
global regulation by transcription factors that can alter
the expression of multiple enzymes has been emphasised
recently.

Lipid enhancement by DOF transcription factors was
first discovered in plants and later in microalgae. Over-
expression of the soybean DOF transcription factor
GmDOF4 or GmDOF11 in Arabidopsis can increase the
lipid content in seeds [9]. Subsequent studies showed
that overexpression of GmDOF4 in C. ellipsoidea could
increase the intracellular lipid content by 46.4—-52.9%
without affecting its growth rate and could increase
the expression levels of acetyl-CoA carboxylase [10]. In
addition, overexpression of GmDOF11 in C. reinhardtii
increased its lipid content by 1.8-2.3-fold [11]. These
studies confirmed that the soybean DOF can increase
lipid content, but whether microalgae DOF transcription
factors, especially those of C. reinhardtii, can enhance
lipids is still unclear. In this paper, we cloned the DOF
transcription factor gene from C. reinhardtii, over-
expressed it in C. reinhardtii and confirmed that crDOF
could increase intracellular lipid content. The contents of
total fatty acids and neutral lipids in the transgenic lines
were increased by 23.24% and 200% when compared to
those of the control c¢c849. To the best of our knowl-
edge, this is the first study to increase intracellular lipids
in microalgae by regulating its native DOF transcription
factor.

DOF transcription factors can recognise the AAAG
or CTTT motif in the promoter region of their binding
genes [25]. We find that these motifs are present in the
promoter regions of ten selected genes (BCC1, ACPI,
SQDI, SQD2, MGDI1, DGDI, FATI, CIS1, ACS1, and
PGPI) associated with lipid metabolism. BCCI is the
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Table 3 The content of fatty ac

Increase (%)

9dof_60 (ug/mg DW)

Tran®

12 (pg/ Increase (%)

Tranc-crdof_

Wild type (ng/mg DW)

Fatty acid

mg DW)

79.52

69.49 1+ 0.06**
344+£0.12
4.46+0.08

52.01

58.8440.02**
3.84£0.13
8.26+0.09

38.714+0.08
2.53£0.03

C16:0
C16:1

36.09
—18.09

52.13

5197
51.98

53.21

54440.16.
12.1940.09
12.10+0.07
13.53+£0.23
33.80£0.19

C18:0

135.13

28.86+0.01%*

18.53+0.29
19.39+£0.18
19.57+£0.03*
51.384+0.25%

C181t

135.11

2845£0.21%*
14.32+0.09
5237£017*

C181c¢

582
54.95

50.01

C182t

5201

C18:3n6

* Significant increase (P < 0.05) compared with control strain cc849. ** Extremely significant increase (p <0.01) compared with control strain cc849

# Very significant decline (P <0.05) compared with control strain cc849



Jia et al. Biotechnol Biofuels (2019) 12:67

biotinylated catalytic subunit of ACCase, which cataly-
ses the first step of fatty acid synthesis, acetyl-CoA to
malonyl-CoA. This step is the first rate-limiting step of
fatty acid synthesis. Overexpression of BCC1 resulted
in greater immobilisation of CO, and increased carbon
flow to fatty acid synthesis [25]. In this study, expression
of crDOF or gDOF led to a 2.1- or 2.2-fold increase in
the mRNA levels of BCC. Similar results were found in C.
ellipsoidea, where expression of GmDOF4 increased the
mRNA level of BCC by 6.95- to 8.41-fold [10]. We also
found that the mRNA levels of the fatty acid synthesis
gene FATI and of the triglyceride synthesis genes DGDI
and PGP1 were significantly upregulated by crDOEF, with
increases of 2.55-, 4.84- and 2.21-fold, respectively. On
the other hand, the mRNA levels of CISI and ACS1 were
downregulated by crDOF. CIS1 is the first and rate-lim-
iting step in the tricarboxylic acid cycle, catalysing the
generation of citrate coenzyme A [20] found that knock-
down of CISI in C. reinhardtii could increase its TAG
content by 169.5%, while overexpression of CISI could
reduce the TAG content by 45%. In our study, the mRNA
level of CISI in Tran““POF-12 was reduced by 0.92-fold
compared with that in the wild type, suggesting that
crDOF might also increase lipids by repression of CISI.
ACS can activate fatty acids into CoA thioesters, which
can then serve as the substrates for many metabolic path-
ways. Interestingly, our previous research confirmed that
downregulation of ACS1 in C. reinhardtii could increase
the lipid content by 45% [26]. Here, we found that the
mRNA level of ACSI in Tran®“P9F-12 was approximately
threefold lower than that in the wild type, indicating that
the increase in intracellular lipids could also result from
crDOF-induced ACS1 repression.

Conclusions

We cloned the transcription factor crDOF and con-
structed transgenic lines of C. reinhardtii with increased
intracellular lipids by overexpressing crDOF. Further-
more, we confirmed that crDOF increased the intra-
cellular lipids of C. reinhardtii by regulating key genes
involved in lipid metabolism. According to our findings,
we propose that enhancing lipids in microalgae by over-
expressing algal DOF may be achieved in other industrial
microalgae and be employed for the industrial produc-
tion of biodiesel.

Materials and methods

Strains, vectors and culture conditions

Cell wall-deficient C. reinhardtii cc849 (from the Chla-
mydomonas Resource Centre) was cultured in Tris—ace-
tate—phosphate (TAP) medium under continuous light
(60 pmol/m/s) at 25 °C. The vector pJDHSP containing
the heat-inducible promoter Hsp70-RBCS2 was used for
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DOF gene overexpression in C. reinhardtii. To induce
gene expression, C. reinhardtii transformants were first
cultured to a density of 1-2x 10° cells/mL and then incu-
bated at 40 °C for 30 min. After that, the cells were cul-
tured at 25 °C for 48 h. E. coli DH5a cells were used for
normal DNA manipulation and cultured in LB medium
at 37 °C.

Cloning and analysis of crDOF

The predicted locus of the crDOF gene in C. reinhardltii
was Crel2.g521150. According to this sequence, the
primers c-crDOF-F and c-crDOEF-R are listed in Addi-
tional file 4: Table S1 is designed to amplify crDOF.
Total RNA of C. reinhardtii was isolated with a TaKaRa
RNAiso Plus Kit and used for cDNA synthesis with oligo-
dT as the reverse transcription primer. RNA of crDOF
was amplified using LA Taq polymerase (TaKaRa) with
high GC buffer II. The amplification condition was 94 °C
for 4 min, followed by 30 cycles of synthesis (94 °C for
30 s, 60 °C for 30 s, and 72 °C for 2 min), and a final
extension step at 72 °C for 5 min. PCR products were
then cloned into the pEASY-T vector (Transgene) after
purification and subjected to sequencing.

The full-length crDOF protein sequence was aligned
with other DOFs originating from Glycine max, Vol-
vox carteri, Glycine soja, Medicago truncatula, Sorghum
bicolor, Jatropha curcas, Picea abies, Pinus pinaster, Ipo-
moea batatas, Prunus dulcis, Platycodon grandiflorus,
Hordeum vulgare, Nicotiana tabacum, Theobroma cacao
and Populus trichocarpa (sequence IDs listed in Addi-
tional file 5: Table S2) using ClustalX. Phylogenetic trees
were constructed with MEGA 4.0 using a neighbour-
joining algorithm with the substitution model JTT+G
0.54. The number of bootstrap replicates was 500. MEME
was used to analyse the distribution of domains in all
the DOF sequences. The GI-binding and FKF1-binding
domains were identified as described previously [27].

Plasmid construction and transformation

The soybean DOF transcription factor gene DOFII
(NCBI accession NO: DQ857261.1) was used as a posi-
tive control. Due to the large differences in the codon
and GC content between C. reinhardtii and soybean,
we optimised this gene for the nuclear codon bias of
C. reinhardtii using the online tool Optimizer, and the
General Biosystem Company synthesised the gene. The
synthesised gene gDOF was then ligated into the vector
pJDHSP [28] after Kpn I and Pmac I digestion to gener-
ate the expression plasmid p/D-gDOF. Similarly, the C.
reinhardtii native DOF gene, crDOF, was also ligated into
pJDHSP after Kpn I and Pmac I digestion to generate the
expression plasmid p/D-crDOF.
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The plasmids pJD-gDOF and pJD-crDOF were sepa-
rately transformed into CC-849 cells by glass bead aggre-
gation [29]. Briefly, CC-849 cells were grown to a density
of 1-2 x 10° cells/mL and then concentrated to 2 x 108
cells/mL. The concentrated cells (300 uL), glass beads
(0.3 g, 0.4—0.6 mm), PEG 6000 (30 uL, 50%, w: v) and 3 ug
of Not I digested plasmid were mixed together in a 1.5-
mL centrifuge tube and vortexed at the maximum speed
for 15 s. The cell mixtures were transferred to 5-mL
TAP and recovered for 18 h in the dark. The cells were
then plated in a TAP plate supplemented with 10 ug/mL
zeocin.

Quantitative reverse transcription-PCR (qRT-PCR)

SYBR Premix Ex Taq Kits (TaKaRa) was used for qRT-
PCR analysis. The ABI Prism 7900 Sequence Detection
System was used for qRT-PCR to analyse cDNA (2 pL).
The primers are listed in Additional file 4: Table S1, and
the housekeeping gene -actin was used as the reference.
For each experiment, each sample was analysed in tripli-
cates. The relative expression level of each gene was cal-
culated using the 2722t method [30].

The SYBR green RT-PCR method was used to quantify
the levels of C. reinhardtii c-crDOF and ¢-gDOF, as well
as 10 genes for lipid metabolism-related enzymes (BCCI,
ACPI1, SQDI1, SQD2, MGD1, DGDI, FAT, CIS1, ACSI,
and PGPI). The thermocycles were as follows: 40 cycles
of 95°C for 30's, 95 °C for 5 s, and 60 °C for 31 s.

Analysis of neutral lipids

Intracellular neutral lipids were stained with the fluores-
cent dye BODIPY 505/515. The droplets of neutral lipids
in microalgae were observed with a laser scanning con-
focal microscope 710 (ZEISS, Germany). The specific
experimental process is as follows: 200 uL of algae cells
at the concentration of approximately 1.5 x 10° cells/mL
was collected and washed twice with 0.01 mol/L PBS
buffer. After the addition of 2 uL. of BODIPY505/515, the
cells were incubated for 10 min in the dark, washed with
0.01 M PBS, and re-suspended in 200 pL of 0.01 mol/L
PBS buffer. The BODIPY-stained algal cells were
observed by a laser scanning confocal microscope with
excitation at 488 nm and emission at 550 nm, at a gain of
550. The fluorescence intensity of BODIPY-stained algal
cells was also recorded using a multifunctional micro-
plate reader (SpectraMax L, Molecular Devices, Sunny-
vale, CA, USA) to measure its intracellular neutral lipid
content. Three replicates were set for each sample, and
the measurements were repeated three times.

Extraction and analysis of total cellular lipids
Algae were cultured and heat-induced as described
above. After normal culturing for 48 h, the cells were
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collected and lyophilized. The lyophilized algal pow-
der (5-15 mg) was placed in a glass centrifuge tube and
mixed with an internal standard (50 pL of 500 pug/mL
C19). Then, the sample was mixed with 1 mL of 2 M
NaOH-CH;OH solution, placed in a shaker at 100 rpm
for 1 h, and set for saponification at 75 °C for 15 min.
After cooling down, 1 mL of 4 M HCI-CH;OH solution
was added, and the pH was adjusted to below 2 with HCl,
followed by incubation at 75 °C for 30 min. Subsequently,
fatty acid methyl esters (FAMEs) were extracted with
1 mL of hexane three times. The upper phage was col-
lected, filtered by a 0.22-m filter, dried with N, and dis-
solved in 500 pL of methylene chloride. Three replicates
were used for each sample.

The extracted fatty acid samples were analysed by GC—
MASS (Thermo Polaris Q mass spectrometry equipped
with a HP-5MS column, 30 mm x 0.25 mm, film thick-
ness=0.25 pum). The gas chromatography column was
VF-23 ms (Part No. CP8827) with a maximum tempera-
ture of 260 °C and a size of 30.0 m x 320 pm x 0.25 pm.
The GC inlet temperature was 250 °C, and high-purity
He was the carrier gas. The mode was constant pressure,
with the column head pressure at 1.2 psi and a split ratio
of 10:1. The oven temperature for FAMEs analysis was as
follows: 70 °C for 4 min, 25 °C/min to 195 °C, 3 °C/min to
205 °C, and 8 °C/min to 230 °C (hold for 1 min). The tem-
perature in gas chromatograph-mass transfer line was
250 °C, and the mass spectrometer was set to full-scan
mode. The peak was identified by matching the mass
spectra of each compound with the National Institute of
Standards and Technology mass spectral library. The data
of fatty acids obtained were analysed with SPSS 13.0 soft-
ware, and GraphPad Prism 5 was used for mapping.

Additional files

Additional file 1: Figure S1. The comparison of the codon usage
frequency of original Glycine max DOF (A) and optimised gDOF (B). The
codon usage frequency is caculated by GCUA (http://gcua.schoedl.de/).
The codon usage frequencies greater than 30, less than 29 and less than 9
are showed in black, red and grey, respectively.

Additional file 2: Figure S2. The intracellular neutral lipids content of
DOF transformants after heat induction by bodipy staining method. The
fluorescence intensity of BODIPY is positively correlated with the intracel-
lular lipid content. Tran““P°"-12 and Tran9°F-60 showed significantly
higher lipids after heat induction for 24 h, 48 h and 72 h.

Additional file 3: Figure S3. Growth carves of transgenic algae
Tran““9F-12 and Tran“9"°"-60 and control strain cc849. Transgenic algae
presented similar growth whit control strian.

Additional file 4: Table S1. Complete list of primers used in this study.

Additional file 5: Table S2. The GenBank accession number of sequences
used in Phylogenetic analysis.
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Authors’ contributions

JB and HY designed and conceived the study and drafted the manuscript. XXF,
WM, LZJ, YJB, JB and CSY performed experiments and analysed data. JB, CHR,
LSL and HZL coordinated the research and helped to finalise the manuscript.
All authors read and approved the final manuscript.

Acknowledgements

The authors gratefully acknowledge the supports from Instrumental Analysis
Centre of Shenzhen University (Xili Campus). Also, authors are grateful to
Jancheng Li for his advice on data analysis.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analysed in the present study are included in this pub-
lished article and in additional information.

Consent for publication
All authors consent for publication.

Ethics approval and consent to participate
Not applicable.

Funding

This work was supported by the National Natural Science Founda-

tion of China (31870343, and 31800300), Guangdong Natural Science
Foundation (2018A030310445, 2018A030313507, 2017A030310332),

Project of DEGP (2015KTSCX125), Shenzhen Grant Plan for Science &
Technology (Shenzhen basic research projects, Subject layout project,
JCYJ20180507182405562, JCYJ20170302144605664, JCYJ20170818095134434,
JCYJ20170818092708470), Natural Science Foundation of SZU (2017050),
Demonstration Project for Marine Economic Development in Shenzhen,
China's State Oceanic Administration.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 21 November 2018 Accepted: 11 March 2019
Published online: 27 March 2019

References

1. Lum KK, Kim J, Lei XG. Dual potential of microalgae as a sustainable
biofuel feedstock and animal feed. J Anim Sci Biotechnol. 2013;4:53.

2. Singh A, Nigam PS, Murphy JD. Renewable fuels from algae: an answer
to debatable land based fuels. Bioresour Technol. 2011;102:10-6.

3. Hegde K, Chandra N, Sarma SJ, Brar SK, Veeranki VD. Genetic engineer-
ing strategies for enhanced biodiesel production. Mol Biotechnol.
2015,57:606-24.

4. Radakovits R, Jinkerson RE, Darzins A, Posewitz MC. Genetic engi-
neering of algae for enhanced biofuel production. Eukaryot Cell.
2010;9:486-501.

5. NiuYF, Wang X, Hu DX, Balamurugan S, Li DW, Yang WD, Liu JS, Li HY.
Molecular characterization of a glycerol-3-phosphate acyltransferase

20.

21

22.

23.

24.

Page 12 of 13

reveals key features essential for triacylglycerol production in Phaeodacty-
Jum tricornutum. Biotechnol Biofuels. 2016;9:60.

Zhang Y, Adams IP, Ratledge C. Malic enzyme: the controlling activity for
lipid production? Overexpression of malic enzyme in Mucor circinel-
loides leads to a 2.5-fold increase in lipid accumulation. Microbiology.
2007;153:2013-25.

LiY,Han D, Hu G, Sommerfeld M, Hu Q. Inhibition of starch synthesis
results in overproduction of lipids in Chlamydomonas reinhardtii. Biotech-
nol Bioeng. 2010;107:258-68.

Deng X, Cai J, LiY, Fei X. Expression and knockdown of the PEPCT gene
affect carbon flux in the biosynthesis of triacylglycerols by the green alga
Chlamydomonas reinhardtii. Biotechnol Lett. 2014;36:2199-208.

Wang HW, Zhang B, Hao YJ, Huang J, Tian AG, Liao Y, Zhang JS, Chen SY.
The soybean Dof-type transcription factor genes, GmDof4 and GmDof11,
enhance lipid content in the seeds of transgenic Arabidopsis plants. Plant
J.2007;52:716-29.

. Zhang J,Hao Q Bai L, Xu J,Yin W, Song L, Xu L, Guo X, Fan C, Chen Y, et al.

Overexpression of the soybean transcription factor GmDof4 significantly
enhances the lipid content of Chlorella ellipsoidea. Biotechnol Biofuels.
2014;7:128.

. Ibanez-Salazar A, Rosales-Mendoza S, Rocha-Uribe A, Ramirez-Alonso JI,

Lara-Hernandez |, Hernandez-Torres A, Paz-Maldonado LM, Silva-Ramirez
AS, Banuelos-Hernandez B, Martinez-Salgado JL, Soria-Guerra RE. Over-
expression of Dof-type transcription factor increases lipid production in
Chlamydomonas reinhardtii. J Biotechnol. 2014;184:27-38.

. Rumin J, Bonnefond H, Saint-Jean B, Rouxel C, Sciandra A, Bernard O,

Cadoret J-P, Bougaran G. The use of fluorescent Nile red and BODIPY for
lipid measurement in microalgae. Biotechnol Biofuels. 2015;8:1-16.

. Dehesh K, Tai H, Edwards P, Byrne J, Jaworski JG. Overexpression of

3-ketoacyl-acyl-carrier protein synthase llls in plants reduces the rate of
lipid synthesis. Plant Physiol. 2001;125:1103-14.

. Klaus D, Ohlrogge JB, Neuhaus HE, Dormann P. Increased fatty acid

production in potato by engineering of acetyl-CoA carboxylase. Planta.
2004;219:389-96.

. LaRussa M, Bogen C, Uhmeyer A, Doebbe A, Filippone E, Kruse O, Muss-

gnug JH. Functional analysis of three type-2 DGAT homologue genes

for triacylglycerol production in the green microalga Chlamydomonas
reinhardtii. J Biotechnol. 2012;162:13-20.

Sanjaya, Miller R, Durrett TP, Kosma DK, Lydic TA, Muthan B, Koo AJ,
Bukhman YV, Reid GE, Howe GA, et al. Altered lipid composition and
enhanced nutritional value of Arabidopsis leaves following introduction
of an algal diacylglycerol acyltransferase 2. Plant Cell. 2013;25:677-93.
Vigeolas H, Waldeck P, Zank T, Geigenberger P. Increasing seed oil content
in oil-seed rape (Brassica napus L.) by over-expression of a yeast glycerol-
3-phosphate dehydrogenase under the control of a seed-specific
promoter. Plant Biotechnol J. 2007,5:431-41.

Yamaoka Y, Achard D, Jang S, Legeret B, Kamisuki S, Ko D, Schulz-Raffelt
M, Kim'Y, Song WY, Nishida |, et al. Identification of a Chlamydomonas
plastidial 2-lysophosphatidic acid acyltransferase and its use to

engineer microalgae with increased oil content. Plant Biotechnol J.
2016;14:2158-67.

LiY, Han D, Hu G, Dauvillee D, Sommerfeld M, Ball S, Hu Q. Chla-
mydomonas starchless mutant defective in ADP-glucose pyrophosphory-
lase hyper-accumulates triacylglycerol. Metab Eng. 2010;12:387-91.
Deng X, Cai J, Fei X. Effect of the expression and knockdown of citrate
synthase gene on carbon flux during triacylglycerol biosynthesis by
green algae Chlamydomonas reinhardtii. BMC Biochem. 2013;14:38.
Kamisaka Y, Noda N, Tomita N, Kimura K, Kodaki T, Hosaka K. Identification
of genes affecting lipid content using transposon mutagenesis in Sac-
charomyces cerevisiae. Biosci Biotechnol Biochem. 2006;70:646-53.

Kang NK, Jeon S, Kwon S, Koh HG, Shin S-E, Lee B, Choi G-G, Yang J-W,
Jeong B-R, Chang YK. Effects of overexpression of a bHLH transcrip-

tion factor on biomass and lipid production in Nannochloropsis salina.
Biotechnol Biofuels. 2015;8:1-13.

Pant BD, Burgos A, Pant P, Cuadros-Inostroza A, Willmitzer L, Scheible WR.
The transcription factor PHR1 regulates lipid remodeling and triacylglyc-
erol accumulation in Arabidopsis thaliana during phosphorus starvation. J
Exp Bot. 2015,;66:1907-18.

Dunahay TG, Jarvis EE, Dais SS, Roessler PG. Manipulation of microalgal
lipid production using genetic engineering. Appl Biochem Biotechnol.
1996;57-8:223-31.



Jia et al. Biotechnol Biofuels

25.

26.

27.

(2019) 12:67

Plesch G, Ehrhardt T, Mueller-Roeber B. Involvement of TAAAG elements
suggests a role for Dof transcription factors in guard cell-specific gene
expression. Plant J. 2001,28:455-64.

Jia B, Song Y, Wu M, Lin B, Xiao K, Hu Z, Huang Y. Characterization of long-
chain acyl-CoA synthetases which stimulate secretion of fatty acids in
green algae Chlamydomonas reinhardtii. Biotechnol Biofuels. 2016;9:184.
Kloosterman B, Abelenda JA, Gomez Mdel M, Oortwijn M, de Boer

JM, Kowitwanich K, Horvath BM, van Eck HJ, Smaczniak C, Prat S, et al.
Naturally occurring allele diversity allows potato cultivation in northern
latitudes. Nature. 2013;495:246-50.

28.

29.

30.

Page 13 of 13

Jia B, Zheng Y, Xiao K, Wu M, Lei Y, Huang Y, Hu Z. A vector for mul-

tiple gene co-expression in Chlamydomonas reinhardtii. Algal Res.
2016;20:53-6.

LiH, Zhang L, Shu L, Zhuang X, Liu Y, Chen J, Hu Z. Sustainable photo-
synthetic H2-production mediated by artificial miRNA silencing of OEE2
gene in green alga Chlamydomonas reinhardtii. Int J Hydrogen Energy.
2015;40:5609-16.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive CT method. Nat Protocols. 2008;3:1101-8.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Understanding the functions of endogenous DOF transcript factor in Chlamydomonas reinhardtii
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Results
	Analysis of the DOF gene in C. reinhardtii
	Overexpression of the DOF transcription factor in C. reinhardtii
	Analysis of lipid accumulation in transgenic microalgae
	Quantitative analysis of key genes in lipid synthesis
	Hyperaccumulation of lipids in transgenic algae by multiple rounds of heat induction

	Discussion
	Conclusions
	Materials and methods
	Strains, vectors and culture conditions
	Cloning and analysis of crDOF
	Plasmid construction and transformation
	Quantitative reverse transcription-PCR (qRT-PCR)
	Analysis of neutral lipids
	Extraction and analysis of total cellular lipids

	Authors’ contributions
	References




