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Abstract
Microalgal lipid triacylglycerol (TAG) is a promising source for sustainable production of biofuels and edible oils. TAG
biosynthesis in microalgae can be induced by nitrogen starvation (−N); however, regulation of the genes involved in this process
is poorly known. To explore the regulation of gene encoding diacylglycerol acyltransferase 2 of oleaginousmicroalgaNeochloris
oleoabundans (NeoDGAT2) responsible for TAG biosynthesis, regulatory sequence ofNeoDGAT2 gene (RDG) was cloned, and
its functional regions weremapped by deletion analysis using the modified cyan fluorescent protein gene (CFP) as a reporter. The
efficiency of CFP gene mTurquoise2 (Tq) without any intron, Tq1 and Tq2 with one and two copies of Chlamydomonas
reinhardtii rbcS2 intron 1, respectively, was evaluated; Tq2 exhibited the highest CFP fluorescence activity in
N. oleoabundans was therefore used as reporter for RDG deletion analysis. Deletion analysis of RDG revealed that the −N
inducible region contained the predicted binding site of MYB transcription factor (MYB-bs). Specific binding between MYB-bs
of RDG and the DNA-binding domain of MYB-related transcription factor ROC40 from C. reinhardtii was observed using
electrophoretic mobility shift assay. Therefore, the corresponding MYB transcription factor in N. oleoabundans is probably the
transcription factor regulatingNeoDGAT2. The interaction betweenMYB transcription factor and theMYB-bsmay play a role in
regulating −N induced expression of NeoDGAT2, affecting TAG accumulation. MYB transcription factors can be the potential
targets for engineering to increase TAG content. Increasing TAG content is essential for products derived from microalgal TAG
to achieve economic viability.
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Introduction

Microalgal lipid triacylglycerol (TAG) is a promising source
for sustainable production of biofuels (Chisti 2007; Mata et al.
2010) and edible oils (Draaisma et al. 2013; Klok et al. 2014).
TAG accumulation in microalgae can be induced by abiotic
stresses such as the deprivation of nutrients particularly nitro-
gen (Hu et al. 2008). However, nitrogen starvation (−N) even-
tually leads to inhibition of cell division and photosynthesis
(Scragg et al. 2002; Song et al. 2013). Identifying the regula-
tory mechanisms that control the gene expression involved in
TAG accumulation in microalgae under −N condition is one
of the necessary steps prior to design novel solutions for de-
velopment of products derived from microalgal TAG at a
commercial scale.

The TAG biosynthesis pathway in microalgae is not fully
known but thought to resemble that in higher plants (Chen and
Smith 2012). In the model microalga Chlamydomonas
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reinhardtii, two sets of homologous enzymes catalyze two
distinct and parallel TAG biosynthesis pathways located in
plastid and endoplasmic reticulum (ER) (Fan et al. 2011;
Goncalves et al. 2016b; Yamaoka et al. 2016; Nobusawa
et al. 2017). TAG can be synthesized by sequential transfer
of fatty acyl chains from acyl-CoA through the glycerol 3-
phosphate pathway (Ohlrogge and Browse 1995; Coleman
and Lee 2004); diacylglycerol acyltransferase (DGAT) cata-
lyzing the final and committed step has been determined as the
rate-limiting enzyme (Jako et al. 2001; Lung and Weselake
2006). Most microalgal species possess one DGAT type 1
(DGAT1) and multiple DGAT type 2 (DGAT2) genes (Chen
and Smith 2012) localized in chloroplast and ER, respectively
(Li-Beisson et al. 2015). DGAT1 and DGAT2 do not share
any significant amino acid sequence similarity, although both
catalyze the same enzymatic reaction. Only green alga seem to
have DGAT2 in the higher plant clade, while all algal species
had at least one representative DGAT2 in the animal clade
(Chen and Smith 2012). DGAT2 has been shown as the potent
enzyme in TAG biosynthesis (Gong et al. 2013; Hung et al.
2013; Chungjatupornchai and Watcharawipas 2015).

Identifying the regulatory mechanisms controlling DGAT2
expression has been attempted so far in few microalgal spe-
cies. In C. reinhardtii, MYB-related transcription factor
ROC40 and DGAT2 (DGTT1) can be induced upon −N; in
the roc40mutant strain, induction of ROC40, DGTT1, and its
ability to increase TAG accumulation by −N has been shown
to be impaired. In addition, several putative MYB transcrip-
tion factor-binding sites have been found at the promoter re-
gion of DGTT1, suggesting that ROC40 may has a role in −N
induced lipid accumulation (Goncalves et al. 2016a).

In Chromochloris (Chlorella) zofingiensis, using yeast
one-hybrid assay, bZIP3 transcription factor has been shown
to bind with both DGAT2 promoters (CzDGAT1A and
CzDGTT5), while MYB1 transcription factor only binds with
CzDGTT5 promoter. Similar to CzDGAT1A and CzDGTT5,
the transcripts of bZIP3 and MYB1 are up-regulated under
−N, suggesting bZIP3 and MYB1 as the transcription factors
regulating CzDGAT1A and CzDGTT5 (Mao et al. 2019).
However, regulation of DGAT2 expression has not been ex-
plored so far in the oleaginous microalga Neochloris
oleoabundans.

Neochloris oleoabundans, a taxonomic synonym of Ettlia
oleoabundans (Deason et al. 1991), produces 35–54% lipids
of dry cell weight under −N condition, up to 80% of its total
lipids is TAG (Tornabene et al. 1983). Similar to
C. reinhardtii,N. oleoabundans has been suggested to possess
two distinct and parallel TAG biosynthesis pathways localized
i n ch l o r op l a s t and ER (K l a i t ong e t a l . 2017 ;
Chungjatupornchai et al. 2019). However, the data regarding
N. oleoabundans is very limited; no genomic sequences are
available. The cDNA encoding a functional DGAT2 protein
of N. oleoabundans (NeoDGAT2) has been cloned and

characterized (Chungjatupornchai and Watcharawipas
2015). Overexpression of NeoDGAT2 in N. oleoabundans
has been shown to dramatically increase TAG accumula-
tion (Klaitong et al. 2017).

In this study, we explored the regulation of NeoDGAT2
expression. The upstream sequence of NeoDGAT2 gene was
cloned, and the cis-regulatory elements were predicted. The
functional regions of NeoDGAT2 regulatory sequence were
mapped by deletion analysis using the modified cyan fluores-
cent protein gene as a reporter. The interaction between the
−N inducible region of NeoDGAT2 regulatory sequence and
DNA-binding domain of MYB-related transcription factor
ROC40 was analyzed.

Materials and methods

Strain and growth conditions

Neochloris oleoabundans strain UTEX 1185 obtained from
the Algal Culture Collection at University of Texas was
cultured on solid (1.5% Bacto agar) or in liquid Bold’s
Basal Medium (BBM) (Bischoff and Bold 1963) under con-
stant illumination of 55–60 μmol photons m−2 s−1 at 30 °C.
Cultures in liquid medium started with cells at density of ~
1.5 × 107 cells mL−1 (OD750 = 0.3). BBM contained NaNO3

as the sole source of nitrogen. For nitrogen starvation (−N)
condition, the cells grown on solid BBM were inoculated
on solid BBM without NaNO3 (BBM-N) or resuspended in
a 50-mL Erlenmeyer flask containing 15 mL of BBM-N
shaken continuously at 100 rpm.

Cloning of upstream sequence of NeoDGAT2 gene

The upstream sequence of NeoDGAT2 gene was determined
using rapid amplification of genomic ends (RAGE) (Cormack
and Somssich 1997) as follows. To construct A-tailed digested
genomic DNA libraries, genomic DNA extracted from
N. oleoabundans as described (Draper 1988) was digested
with restriction enzymes and tailed with nucleotides A at 3′
termini using terminal deoxynucleotidyl transferase (Thermo
Fisher Scientific, USA). The A-tailed digested genomic DNA
libraries was used as templates for genome walking by
RAGE-PCR with specific primers designed based on the se-
quence of coding region and 5’UTR of NeoDGAT2 gene. The
RAGE-PCR products were cloned into Escherichia coli
DH5α using pGEM-T Easy vector system (Promega, USA)
and verified by automated DNA sequencing analysis. The
resulting partial upstream NeoDGAT2 sequences from each
round of RAGE-PCR were assembled to obtain the predicted
full-length upstream sequence of NeoDGAT2 gene. PCR of
full-length upstream NeoDGAT2 sequence was performed
using intact genomic DNA of N. oleoabundans as template
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and specific primers U-DGAT2-F1 and N-DGAT2-R3 (see
primers sequences in supplement Table S1) designed based
on the 5’end of full-length upstream NeoDGAT2 sequence
and coding region in the first exon of NeoDGAT2 gene, re-
spectively. The PCR product was cloned into Escherichia coli
DH5α using pGEM-T Easy vector system and verified by
automated DNA sequencing analysis. The resulting 1954-bp
upstream sequence of NeoDGAT2 gene was submitted to
GenBank database under accession number MK208997.

Analysis of NeoDGAT2 regulatory sequence

To analyze the regulatory sequence of NeoDGAT2 (RDG),
various programs were used as follows: PLACE (http://
www.dna.affrc.go.jp/htdocs/PLACE/) (Higo et al. 1998),
PlantTFDB 4.0 (http://planttfdb.cbi.pku.edu.cn/) (Yang et al.
2016), PlantCARE (http://www.bioinformatics.psb.ugent.be/
webtools/plantcare/htmL/) (Lescot et al. 2002), The Berkeley
Drosophila Genome Project (BDGP, https://www.fruitfly.
org/) and YAPP eukaryotic core promoter predictor (http://
www.bioinformatics.org/yapp/cgi-bin/yapp.cgi).

Plasmid construction

To evaluateCFP genemTurquoise2 (Tq) (Goedhart et al. 2012)
as a reporter in N. oleoabundans, plasmids pAR-Tq, pAR-Tq1,
and pAR-Tq2 harboring the gene cassettes AR-Tq-3′rbcS2, AR-
Tq1–3′rbcS2, and AR-Tq2–3′rbcS2, respectively, were con-
structed by replacing the AR-ChGfp-3′rbcS2 fragment of
pChGFP-Hyg3 (Chungjatupornchai et al. 2016) with the PCR
fragments containing: (i) promoter HSP70-RBCS2 (AR) of
C. reinhardtii from pCB740 (Schroda et al. 2000) (ii) Tq from
plasmid pmTurquoise2-C1 (Goedhart et al. 2012). Tq1 and Tq2
containing one and two copies of C. reinhardtii rbcS2 intron 1
(Int1) from pHyg3 (Berthold et al. 2002), respectively. The Int1
located downstream of the start codon and nucleotide 343 of
the Tq coding sequence and (iii) 3′UTR of 3′rbcS2 from
pCrGFP (Fuhrmann et al. 1999).

To examine the functional region of RDG by deletion
analysis, plasmids pRDG, pRDG-D1, pRDG-D2, pRDG-
D3, pRDG-D4, pRDG-D5, and pRDG-D6 harboring vari-
ous length of RGD upstream of Tq2 reporter gene were
constructed by replacing the AR-ChGfp-3′rbcS2 fragment
of pChGFP-Hyg3 (Chungjatupornchai et al. 2016) with the
PCR fragments containing (i) various length of RDG ob-
tained using specific primers as shown in supplement
Table S1, (ii) Tq2 reporter gene, and (iii) 3′UTR of 3′
rbcS2 from pCrGFP (Fuhrmann et al. 1999). All construct-
ed plasmids harbored hygromycin B resistance gene Hyg3
(Berthold et al. 2002; Chungjatupornchai et al. 2016) used
as a selectable marker.

Transformation of N. oleoabundans

To generate transformants expressing CFP, the constructed
plasmids were transformed into N. oleoabundans using elec-
troporation as described previously (Chungjatupornchai et al.
2016). Cells were electroporated using a Gene Pulser (Bio-
Rad, USA) set electric field strength at 1000 V cm−1, resis-
tance at 200 Ω, and capacitance at 25 μF. The cells were
spread on BBM agar plates containing 5 μg mL−1 of
hygromycin B. The resulting transformants appeared after in-
cubation for 2 weeks.

CFP activity assay and microscopy

The CFP fluorescence intensity of the transformants was mea-
sured in a 96-well plate using a spectrofluorometer (Infinite
M200PRO, TECAN, Switzerland) with excitation at 434 nm
and emission at 474 nm. Values of control without CFP were
subtracted. Specific fluorescence intensities were normalized
by the optical density measured at 750 nm. The images of CFP
fluorescence signal in the transformants were obtained using a
confocal laser scanning microscope (CLSM) (ZEISS
LSM800, Germany) with excitation at 433 nm and emission
at 475 nm. The chlorophyll autofluorescence was detected
using excitation at 652 nm and emission at 668 nm.

Recombinant protein production of ROC40 DNA–
binding domain

To produce ROC40 DNA–binding domain (ROC40-DBD) of
C. reinhardtii, DNA fragment encoding amino acids 43 to 103
of ROC40 (Matsuo et al. 2008) was cloned intoBamHI/EcoRI
sites of expression vector pGEX-4T-1 (Genscript, USA). The
resulting plasmid pROC40-DBD contained the 61 amino
acids of ROC40-DBD fused in-frame at the C-terminus of
glutathione S-transferase (GST) was transformed into E. coli
BL21 (DE3) pLysS. The expression of GST-(ROC40-DBD)
was induced by 0.4 mM IPTG. To extract total proteins from
E. coli harboring pROC40-DBD, the cell pellet of 200 OD600

was suspended in lysis buffer: 1X PBS, pH 7.4; 0.2 mg mL−1

lysozyme (Bio Basic Inc., Canada); 1 mM MgCl2; 1X com-
plete EDTA-free Protease Inhibitor Cocktail (Roche,
Germany); 1X RQ1 RNase-free DNase buffer and 50 units
of RQ1 RNase-free DNase (Promega, USA), for 30 min at
4 °C. The cells were lysed using sonication (Vibra-Cell,
Sonics & Materials, Inc., USA). The GST-(ROC40-DBD)
was purified using glutathione sepharose 4B (GE
Healthcare, USA) according to the manufacturer’s
instructions. To remove the GST moiety from ROC40-DBD,
500 μg of GST-(ROC40-DBD) was treated with human
thrombin (Merck, USA) for 16–18 h at 25 °C.
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Electrophoretic mobility shift assay

To label the DNA used in electrophoretic mobility shift assay
(EMSA), the 220-bp (nt. − 1486 to − 1267) of RDG amplified
by PCR using primers RDG-D2-F and RDG-R (Table S1)
was labeled with DIG-11-dUTP according to the manufac-
turer’s instructions (Roche, Germany). For protein-DNA
binding reactions, recombinant protein GST-(ROC40-DBD),
GST or ROC40-DBD, was added to the DIG-labeled 220-bp
of RDG in a 20-μL reaction including the binding buffer (5%
glycerol, 4 mMKCl, 5 mMMgCl2, 1 mM EDTA and 25 mM
HEPES/KOH), 100 μg of bovine serum albumin and 1 μg
poly(dI-dC) (Thermo Fisher Scientific, USA). For competi-
tion reactions, 70-fold molar excess of unlabeled 220-bp of
RDG or unrelated Actin gene of N. oleoabundans (NeoActin)
was added to the binding reaction carried out for 1 h at 30 °C.
The protein-DNA binding reactions were subjected to 6%
native polyacrylamide gel and transferred onto Amersham
Hybond-N+ nylon membranes (GE Healthcare, USA) by
electroblotting followed by UV crosslinking equipped with
254 nm bulb (Spectrolinker XL-1500 UV crosslinker,
Spectronics Corporation, USA). The DIG-labeled 220-bp of
RDG was detected with the Fab antiDIG antibody conjugated
with alkaline phosphatase (Roche, Germanhy). The chemilu-
minescent signal developed using CDP-Star (Roche,
Germany) was captured with X-ray film.

Results

The efficient CFP reporter in N. oleoabundans

We previously cloned and characterized the NeoDGAT2
cDNA (Chungjatupornchai and Watcharawipas 2015) and
f o u n d t h a t o v e r e x p r e s s i o n o f NeoDGAT2 i n
N. oleoabundans dramatically increase TAG accumulation
(Klaitong et al. 2017). In this study, we explored the regula-
tion of NeoDGAT2 expression by analysis ofNeoDGAT2 reg-
ulatory sequence.

Functional analysis of NeoDGAT2 regulatory sequence re-
quires an efficient reporter. The cyan fluorescent protein
(CFP) mTurquoise2 (Tq), a variant of green fluorescent pro-
tein, has been shown to have high photostability and quantum
yield that contributes to an increase of its brightness in mam-
malian cells of almost 20% (Goedhart et al. 2012). However,
there is no report concerning Tq gene as a reporter in
microalgae. To test whether the Tq gene could be used as a
reporter in N. oleoabundans, plasmid pAR-Tq containing Tq
gene under the control of promoter HSP70-RBCS2 (AR) from
C. reinhardtii (Fig. 1a) was constructed and electroporated
into N. oleoabundans to obtain transformant AR-Tq. To de-
termine the Tq gene expression, the fluorescence intensity of
transformant AR-Tq whole cell was measured using a

spectrofluorometer. The CFP activity of transformant AR-Tq
was detected (Fig. 1b), indicating the Tq expression in
N. oleoabundans.

Heterologous gene expression in C. reinhardtii has been
shown to increase by introducing intron1 of endogenous
rbcS2 gene into the coding region (Lumbreras et al. 1998;
Berthold et al. 2002). To investigate the effect of intron 1
(Int1) from C. reinhardtii rbcS2 gene on Tq expression, plas-
mids pAR-Tq1 and pAR-Tq2 harboring Tq gene including
one (Tq1) and two copies of the Int1 (Tq2), respectively, were
constructed (Fig.1a) and electroporated into N. oleoabundans
to obtain transformants AR-Tq1 and AR-Tq2, respectively.
The CFP activities of transformants AR-Tq and AR-Tq1 were
not significantly different; while transformant AR-Tq2 was
found to have highest CFP activity, 2.7-fold higher, indi-
cating the improved efficiency of Tq2 expression by the
presence of two copies of Int1 (Fig. 1a, b). The Tq2 ex-
pression in transformant AR-Tq2 was confirmed by visu-
alization under confocal laser scanning microscope
(CLSM). Very bright cyan fluorescence signal was clearly
visible in transformant AR-Tq2, but not in wild-type strain
used as negative control (Fig. 1c). Therefore, Tq2 gene was
used as a reporter for subsequent experiments.

The cis-regulatory elements of NeoDGAT2 gene

The 1954-bp regulatory sequence of NeoDGAT2 gene (RDG)
successfully determined using RAGE-PCR method has been
submitted to GenBank database under accession number
MK208997. The transcription initiation sites of NeoDGAT2
determined by sequencing analysis of the 31 independent
clones of 5’rapid amplification of cDNA ends (5’RACE)-
PCR from our previous study (Chungjatupornchai and
Watcharawipas 2015) were indicated as frequency (%) with
the major transcription initiation site (+ 1) located at nt. 48
upstream of the start codon (Fig. 2). Core promoter region
was predicted by BDGP (https://www.fruitfly.org/). TATA
box was predicted by YAPP eukaryotic core promoter
predictor (http://www.bioinformatics.org/yapp/cgi-bin/yapp.
cgi). The CAAT box was predicted by PlantCARE (Lescot
et al. 2002) and PLACE (Higo et al. 1998). The putative
binding sites of basic helix-loop-helix (bHLH-bs), basic leu-
cine zipper (bZIP-bs) and myeloblastosis (MYB) transcription
factor (MYB-bs) were predicted by PlantTFDB (Yang et al.
2016) (Fig. 2).

The NeoDGAT2 regulatory sequence induced under
−N condition

To investigate whether RDG could be induced under −N con-
dition, plasmid pRDG containing the reporter gene Tq2 under
the control of RDG (Fig. 3a) was introduced into
N. oleoabundans via electroporation to obtain transformant
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Fig. 1 Development of CFP as a reporter in N. oleoabundans. a
Schematic diagram of plasmids harboring CFP gene. AR, HSP70A/
RBCS2 hybrid promoter of C. reinhardtii (Schroda et al. 2000); Tq,
CFP gene mTurquoise2 (Goedhart et al. 2012); Tq1 and Tq2,
mTurquoise2 gene including one and two copies of C. reinhardtii
rbcS2 intron 1 (Int1), respectively; 3’rbcS2, 3’ UTR of C. reinhardtii
rbcS2 gene (Fuhrmann et al. 1999). b The CFP activity in the
transformants. Plasmids pAR-Tq, pAR-Tq1 and pAR-Tq2 were
electroporated into N. oleoabundans to obtain transformants AR-Tq,
AR-Tq1 and AR-Tq2, respectively. The CFP fluorescence intensity was

determined using spectrofluorometer. Values of control without CFP
were subtracted. Each value obtained from each transformant clone rep-
resents the mean of at least three independent experiments. Average fluo-
rescence intensities denoted by lines. Significant difference among the
transformants is indicated (*p < 0.01, t test). c CLSM images of
transformant AR-Tq2 expressing CFP. DIC, differential interference con-
trast; CFP, CFP fluorescence (ex: 433 nm; em: 475 nm); chlorophyll,
chlorophyll autofluorescence (ex: 652 nm; em: 668 nm); merged, merged
image of CFP and chlorophyll. Wild type strain was used as negative
control. The scale bar indicates 5 μm
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RDG. The CFP activity of transformant RDG grown in BBM
including various concentration of NaNO3 as the sole source
of nitrogen was determined using spectrofluorometer; NaNO3

at concentrations 3, 0.5, and 0.15 mMwere found to have low
CFP activities not significantly different (at p < 0.01), whereas
without NaNO3 (0 mM) was found to have CFP activity in-
creased 2.7-fold (Fig. 3b), indicating the −N inducible RDG.

The CFP activity of transformant RDG under −N
condition was confirmed by visualization under CLSM.
The cyan fluorescence signal was clearly visible in
transformant RDG under −N but not +N condition,
while no such signal was detected in wild-type strain
both under +N and −N conditions (Fig. 3c). Therefore,
RDG was induced under −N condition.

Sequences required for the function of cis-acting
regulator and basal promoter of NeoDGAT2 gene

In order to analyze the regions for cis-acting regulator and
basal promoter of NeoDGAT2 gene, plasmids pRDG-D1

to pRDG-D6 containing various length of RDG upstream
of Tq2 reporter gene were constructed (Fig. 4a) and intro-
duced into N. oleoabundans via electroporation to obtain
transformants RDG-D1 to RDG-D6, respectively. When
compared with +N condition, CFP activities of the
transformants grown under −N condition were significant-
ly increased (at p < 0.01) (Fig. 4b). Transformants RDG,
RDG-D1, and RDG-D2 were observed to have CFP ac-
tivities dramatically increased (up to 4-fold), whereas CFP
activities of transformants RDG-D3, RDG-D4, RDG-D5,
and RDG-D6 slightly increased (up to 1.9-fold), suggest-
ing the basal promoter activities under −N condition. The
results indicated that (i) the predicted binding site of
MYB transcription factor (MYB-bs) was involved in −N
induction, (ii) predicted binding sites of bZIP and bHLH
transcription factors (bZIP-bs and bHLH-bs, respectively)
were not involved in −N induction, (iii) predicted CAAT
box was not involved in the basal promoter activity, and
(iv) the core promoter region including TATA box pos-
sessed basal promoter activity (Fig. 2 and 4a, b).

Fig. 2 Regulatory sequence of NeoDGAT2 gene. Locations of the
putative binding sites of myeloblastosis transcription factor (MYB-bs)
highlighted in red, basic helix-loop-helix (bHLH-bs) highlighted in yel-
low and basic leucine zipper (bZIP-bs) indicated by a box were predicted
by PlantTFDB (Yang et al. 2016). The CAAT box indicated in blue was
predicted by PlantCARE (Lescot et al. 2002) and PLACE (Higo et al.
1998). The TATA box indicated by a box was predicted by YAPP (http://
www.bioinformatics.org/yapp/cgi-bin/yapp.cgi). The core promoter

region highlighted in green was predicted by BDGP (https://www.
fruitfly.org/). The boundaries of RDG truncated fragments in plasmids
pRDG-D1 to pRDG-D6 used for deletion analysis are indicated.
Transcription initiation sites determined by 5’RACE-PCR are indicated
as frequency (%)with themajor transcription initiation site marked by +1.
The numbers of nucleotides refer to the transcription initiation site. Start
codon (ATG) is underlined
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Fig. 3 N-starvation inducible promoter ofNeoDGAT2 gene. a Schematic
diagram of plasmid pRDG. RDG, regulatory sequence of NeoDGAT2
gene; Tq2, CFP gene mTurquoise2 (Goedhart et al. 2012) including
two copies of intron 1 (Int1) from C. reinhardtii rbcS2 gene; 3’rbcS2,
3’ UTR of C. reinhardtii rbcS2 gene (Fuhrmann et al. 1999). The num-
bers of nucleotides refer to the transcription initiation site (+ 1). b Effect
of −N on CFP activity. Transformant RGD obtained by introducing plas-
mid pRDG into N. oleoabundans was grown in BBM containing various
NaNO3 concentrations. The CFP fluorescence intensity was measured
using spectrofluorometer. Values of control without CFPwere subtracted.

Each value obtained from each transformant clone represents the mean of
at least three independent experiments. Average fluorescence intensities
denoted by lines. Significant difference among the transformants is indi-
cated (*p < 0.01, t test). c CLSM images of transformant RDG under −N
condition. +N, N-replete (3 mM NaNO3) condition; −N, N-starvation
(0 mM NaNO3) condition; DIC, differential interference contrast; CFP,
CFP fluorescence (ex: 433 nm; em: 475 nm); chlorophyll, chlorophyll
autofluorescence (ex: 652 nm; em: 668 nm); merged, merged image of
CFP and chlorophyll. Wild type strain was used as negative control. The
scale bar indicates 5 μm
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Specific interaction of RDG MYB-bs and ROC40-DBD

In C. reinhardtii, MYB-related transcription factor ROC40
has been shown to be upregulated by −N and suggested to
play a regulatory role in −N induced expression of DGAT2
gene (CrDGTT1) and TAG accumulation (Goncalves et al.
2016a). To test whether the predicted MYB-bs of RDG was
the DNA target of MYB transcription factor, EMSA was
performed with the 220-bp −N inducible region harboring
MYB-bs of RDG (Fig. 4a) and the recombinant protein
ROC40-DBD of C. reinhardtii. The shifted bands were de-
tected in DIG-labeled 220-bp of RDG incubated with vari-
ous concentrations of recombinant fusion protein
GST-(ROC40-DBD), the intensity of shifted bands in-
creased corresponding to the increased concentration of
GST-(ROC40-DBD) (Fig. 5a). While no shifted band was

detected when incubated with GST (Fig. 5b). A shifted band
was clearly detected in the reaction containing thrombin-
cleaved ROC40-DBD, but no shifted band was detected in
the presence of excess unlabeled 220-bp used as a compet-
itor; the shifted band was also observed in the presence of
unrelated competitor Actin (Fig. 5c), indicating the specific
binding of MYB-bs and ROC40-DBD. Therefore, the
MYB-bs of RDG was the DNA target of MYB-related tran-
scription factor ROC40.

Discussion

This study is based on identification ofNeoDGAT2 regulation
under −N condition that is one of the necessary steps prior to

Fig. 4 Deletion analysis of
NeoDGAT2 regulatory sequence.
a Schematic diagram of pRDG-
derivative plasmids. Locations of
putative TATA box, CAAT box,
MYB-binding site (MYB-bs),
and 220-bp fragment used for
electrophoretic mobility shift as-
say are indicated. Tq2, CFP gene
mTurquoise2 (Goedhart et al.
2012) including two copies of in-
tron 1 (Int1) from C. reinhardtii
rbcS2 gene; 3’rbcS2, 3’ UTR of
C. reinhardtii rbcS2 gene
(Fuhrmann et al. 1999). The
numbers of nucleotides refer to
the transcription initiation site (+
1). b CFP activity of RDG-
derivative transformants under
−N condition. Transformants ob-
tained by introducing pRDG-
derivative plasmids into
N. oleoabundans were grown in
+N (3 mM NaNO3) and −N
(0 mM NaNO3) conditions. The
CFP fluorescence intensity was
measured using spectrofluorome-
ter. Values of control without
CFP were subtracted. Each value
obtained from each transformant
clone represents the mean of at
least three independent experi-
ments. Average fluorescence in-
tensities denoted by lines
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design novel solutions for development of products derived
from microalgal TAG at a commercial scale.

The functional regions of NeoDGAT2 regulatory sequence
were analyzed using the improved CFP gene Tq2 including
two copies of the Int1 from C. reinhardtii rbcS2 gene as a
reporter. Introns have been shown to have a positive effect
on gene expression in eukaryotes, because their splicing im-
proves and accelerates nuclear mRNA export (Rose and Last
1997; Reed and Hurt 2002). In C. reinhardtii heterologous
gene expression can be increased by introducing Int1 of en-
dogenous rbcS2 gene into the coding region, the presence of
the int1 in selectable marker genes Aph7” and ble increases
transformation frequency (Lumbreras et al. 1998; Berthold
et al. 2002). Introducing the int1 of C. reinhardtii rbcS2 gene
into the selectable marker genes Aph7” (Hyg3) (Berthold et al.
2002) also increases transformation frequency in
N. oleoabundans (Chungjatupornchai et al. 2016). However,
in this study the Tq gene without Int1 and Tq1 with one copy
of the Int1 was observed to have CFP activities not signifi-
cantly different, while Tq2 with two copies of the Int1 exhib-
ited the highest CFP activity, indicating the improved efficien-
cy of Tq2 expression (Fig. 1a, b). The Tq2 expression in
transformant AR-Tq2 was confirmed as a very bright cyan
fluorescence signal visualized under CLSM (Fig. 1c).
Therefore, Tq2 gene was used as a reporter for functional
analysis of RDG. In the transformant cells with high CFP
fluorescence signal the chlorophyll fluorescence became ligh-
ter than other cells or even invisible (Figs. 1c and 3c), in
agreement with the bleaching appearance of the correspond-
ing cells observed under bright field microscope (data not
shown). Whether the Tq2 expression affects chlorophyll syn-
thesis or enhances chlorophyll breakdown remains to be
investigated.

The transformant RDG grown under +N with NaNO3 at
concentrations 3, 0.5, and 0.15 mM were found to have low
CFP activities and not significantly different (at p < 0.01)
(Fig. 3b), thus, no induction in the present of N. Similar
resul ts have been observed in transcr ip tome of
N. oleoabundans, the gene encoding DGAT displays rela-
tively no change in its expression under N limitation at
0.65 and 0.13 mM (Rismani-Yazdi et al . 2012).
However, in this study, the CFP activity of transformant
RDG grown under −N (0 mM NaNO3) increased 2.7-fold
(Fig. 3b), indicating the −N inducible of NeoDGAT2 pro-
moter. Proteomics studies of C. vulgaris also revealed
overexpression of DGAT under N-free condit ion
(Guarnieri et al. 2011).

Analysis of RDG by PlantTFDB (Yang et al. 2016) pre-
dicted potential binding sites of MYB, bZIP and bHLH
(Fig. 2). Deletion analysis of RDG revealed that the DNA
fragment harboring the predicted bZIP-bs and bHLH-bs
were not induced upon −N, whereas, that harboring the
MYB-bs was −N inducible (Fig. 4a, b). Transcription

Fig. 5 Specific interaction between ROC40-DBD and the 220-bp DNA
fragment of RDG. The binding activity of recombinant protein ROC40-
DBD to the labeled 220-bp fragment containing MYB-bs was performed
using EMSA. Sixty fmol of labeled 220-bp fragment was used in all
reactions. a DNA binding reactions performed with fusion protein
GST-(ROC40-DBD). Lane 1, excluding GST-(ROC40-DBD) used as
negative control; lanes 2–6, including 2, 4, 6, 8, and 10 μg of GST-
(ROC40-DBD), respectively. b DNA binding reactions performed with
protein GST. Lane 1, excluding GST used as negative control; lanes 2–6,
including 2, 4, 6, 8, and 10 μg of GST, respectively. c DNA binding
reactions performed with thrombin-cleaved ROC40-DBD protein. Lane
1, excluding ROC40-DBD used as negative control; lanes 2–4, including
(+) and excluding (−) of 40 μg of ROC40-DBD, 70-fold excess of unla-
beled 220-bp competitor and Actin gene used as an unrelated competitor
are indicated. The shifted 220-bp fragments are indicated by arrows.
Location of the 220-bp fragment is shown in Fig. 4a
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factors, a group of regulators, control their target gene ex-
pression at the transcriptional level through binding certain
upstream elements. An increasing number of possible tran-
scription factors involved in lipid synthesis have been sug-
gested in microalgae, including MYB (Boyle et al. 2012;
Hu et al. 2014; de Lomana et al. 2015; Ngan et al. 2015).
MYB transcription factors regulate fundamental cellular
processes and specific facets of metabolism through mod-
ulation of transcription at target genes, to which they bind
in a sequence-specific manner (Prouse and Campbell
2012). In C. zofingiensis, MYB1 transcription factor up-
regulated under N-starvation has been shown to bind with
DGAT2 (CzDGTT5) in yeast one-hybrid assay, suggesting
MYB1 as the transcription factors regulating DGAT2 (Mao
et al. 2019). In C. reinhardtii, the MYB-related transcrip-
tion factor ROC40 upregulated upon −N condition has
been suggested to play a role in −N induced lipid accumu-
lation (Goncalves et al. 2016a). The DNA-binding domain
of MYB transcription factor is conserved among different
green algae, and it is phylogenetically related to ROC40-
DBD of C. reinhardtii (Goncalves et al. 2016a). So far,
neither MYB transcription factors nor their sequences have
been identified in N. oleoabundans. Therefore, ROC40-
DBD from C. reinhardtii was used to verify the predicted
MYB-bs of RDG. The specific binding of MYB-bs of RDG
and ROC40-DBD was observed in EMSA (Fig. 5c), indi-
cating MYB-bs as DNA target of MYB-related transcrip-
tion factor ROC40. Thus, the corresponding MYB tran-
scription factor in of N. oleoabundans is probably the tran-
scription factor regulating NeoDGAT2. The interaction be-
tween MYB transcription factor and the MYB-bs may play
a role in regulating −N induced expression of NeoDGAT2,
affecting TAG accumulation.

Conclusions

We characterized the cis-regulatory elements of
NeoDGAT2 gene and successfully identified the
NeoDGAT2 regulation under −N condition using the im-
proved efficient Tq2 with high CFP activity as a reporter.
The RDG region harboring the MYB-bs was −N induc-
ible. The MYB-bs bound specifically to ROC40-DBD
from C. reinhardtii, indicating MYB-bs as DNA target
of MYB-related transcription factor ROC40. Therefore,
the corresponding MYB transcr ipt ion factor of
N. oleoabundans is probably the transcription factor reg-
ulating −N induced expression of NeoDGAT2, affecting
TAG accumulation. MYB transcription factors can be
the potential targets for engineering to increase TAG con-
tent. Increasing TAG content is essential for products de-
rived from microalgal TAG to achieve economic viability.
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