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High‑efficiency promoter‑driven 
coordinated regulation of multiple metabolic 
nodes elevates lipid accumulation in the model 
microalga Phaeodactylum tricornutum
Li‑Gong Zou, Jia‑Wen Chen, Dan‑Lin Zheng, Srinivasan Balamurugan, Da‑Wei Li, Wei‑Dong Yang, Jie‑Sheng Liu 
and Hong‑Ye Li* 

Abstract 

Background:  Microalgal metabolic engineering holds great promise for the overproduction of a wide range of com‑
mercial bioproducts. It demands simultaneous manipulation of multiple metabolic nodes. However, high-efficiency 
promoters have been lacking.

Results:  Here we report a strong constitutive promoter Pt211 in expressing multiple target genes in oleaginous 
microalga Phaeodactylum tricornutum. Pt211 was revealed to contain significant cis-acting elements. GUS reporter and 
principal genes glycerol-3-phosphate acyltransferase (GPAT) and diacylglycerol acyltransferase 2 (DGAT2) involved 
in triacylglycerol biosynthesis were tested under driven of Pt211 in P. tricornutum. GUS staining and qPCR analysis 
showed strong GUS expression. DGAT2 and GPAT linked with a designed 2A sequence exhibited higher transcript 
abundances than WT, while algal growth and photosynthesis were not impaired.

Conclusion:  The total lipid content increased notably by 2.6-fold compared to WT and reached up to 57.5% (dry 
cell weight). Overall, our findings report a strong promoter and a strategy for coordinated manipulation of complex 
metabolic pathways.
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Background
Microalgae are of significant interest as renewable feed-
stock for biofuels and a wide range of commodity com-
ponents because of their advantageous features such as 
phototrophic nature, high growth rate, oleaginous bio-
mass and importantly, they do not compete with food 
crops for arable land [1, 2]. Oleaginous marine diatom 
Phaeodactylum tricornutum have emerged as a popular 
model system for molecular characterization of metabo-
lism [3]. In addition, P. tricornutum has been served as 
the potential host for expression of various recombinant 

therapeutic proteins [4, 5]. Unlike stress treatments, 
genetic engineering of diatoms paves the way for lipid 
overproduction without compromising the growth 
potential and thus considered a pivotal strategy for 
mitigating economic feasibility [6]. Genetic engineer-
ing of P. tricornutum for lipid overproduction needs the 
controlled expression of multiple key genes involved in 
lipogenesis. Thus, the transcriptional regulation of the 
desired genes plays a crucial role in the transgene expres-
sion, which is largely regulated by promoters and their 
cis-acting elements.

Most of the genetic engineering studies have employed 
the promoters such as fucoxanthin chlorophyll a/c bind-
ing protein (fcp) promoter and nitrate reductase (NR) 
promoter in microalgae including P. tricornutum [6, 
7]. The fcp and NR promoters isolated from diatom 
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Cylindrotheca fusiformis showed effective in P. tricornu-
tum [8]. The NR promoter isolated from P. tricornutum 
has also been shown useful for transgene regulation [6]. 
Similarly, fcpC promoter from P. tricornutum has been 
shown to regulate heterologous protein expression in C. 
pyrenoidosa [9]. However, to date, only a limited number 
of promoters have been employed for successful driving 
transgene expression in P. tricornutum. Although signifi-
cant progresses have been made regarding heterologous 
expression in P. tricornutum in recent years [1, 10], the 
promoters that strongly drive the transcription of mul-
tiple transgenes have yet to be discovered for expanding 
the microalgal genetic toolbox.

In this study, we aimed to identify the strong promoter 
suitable for initiating the transcription of multi-transgene 
in P. tricornutum. Based on our previous transcriptomic 
analysis [11], promoter Pt211 was identified and further 
evaluated in efficiently driving multiple target genes, 
including GUS reporter and two principle genes involved 
in TAG biosynthesis.

Methods
Strain and culture conditions
Phaeodactylum tricornutum (CCMP2561) was obtained 
from the National Center for Marine Algae and Micro-
biota. It was cultivated in Daigo’s IMK culture medium 
(Nihon Pharmaceutical, Osaka, Japan) [12] and grown 
at 21 ± 1  °C in an artificial climate incubator (Ningbo, 
China). Cool-white fluorescent tubes provided an irradi-
ance of 200 µmol photons m−2 s−1 under a 12:12 h light/
dark photoperiod.

Identification of promoter sequence and vector 
construction
Based on our previously analyzed transcriptome of P. 
tricornutum [11], the upstream region to the hypotheti-
cal protein gene (PHATRDRAFT_49211) with higher 
transcript abundance was selected. The potential cis 
regulatory elements were predicted by using PlantCARE 
(http://bioin​forma​tics.psb.ugent​.be/webto​ols/plant​care/
html) [13, 14]. Genomic DNA of P. tricornutum was 
extracted using HP Plant DNA Kit as per supplier’s pro-
tocol (OMEGA, USA). The putative promoter region 
upstream to the gene PHATRDRAFT_49211 was desig-
nated Pt211 and cloned by PCR with primers (211-F and 
211-R). In the transformation construct pHY21 was mod-
ified from a previously constructed plasmid, pHY11 [12]. 
The amplicon was then cloned in pHY21 expression vec-
tor to replace the existing promoter fcpC by using Clon-
Express II One Step Cloning Kit (Vazyme, China) and the 
resultant recombinant plasmid was termed pHY21-Pt211 
and confirmed by sequencing analysis. Thereafter, cod-
ing regions of reporter GUS, or DGAT2 and GPAT were 

linked with a codon-optimized 2A sequence (5′-AAG​
ATC​GTC​GCC​CCC​GTC​AAG​CAG​ACC​CTC​AAC​TTC​
GAC​CTC​CTC​AAG​CTC​GCC​GGC​GAC​GTC​GAG​TCC​
AAC​CCC​GGC​CCC-3′). Flag and c-Myc tags were fused 
to the C-terminal of the transgenes DGAT2 and GPAT, 
respectively in the expression vector for the detection of 
protein expression. The coding sequences were cloned in 
between the identified promoter Pt211 and TfcpA termi-
nator in the expression vector pHY21. An omega leader 
motif (TAT​TTT​TAC​AAC​AAT​TAC​CAA​CAA​CAA​CAA​
ACA​ACA​AAC​AAC​ATT​ACA​ATT​ACT​ATT​TAC​AATT) 
was inserted in between the promoter and the transgene 
in order to enhance the translation of transgene [15]. In 
addition, DGAT2 and GPAT linked with 2A were also 
cloned in pHY21 with the promoter fcpC for comparison.

The recombinant plasmid harboring GUS and DGAT2-
2A-GPAT under the control of Pt211 were electropo-
rated into P. tricornutum using Bio-Rad GenePulser Xcell 
apparatus (Bio-Rad, CA, USA) following the reported 
protocol (Table  1) [3]. Transformed microalgae were 
subcultured once a week. To avoid impact of bleomycin 
on microalgae, engineered strains were cultured in IMK 
culture medium without bleomycin for more than 3 suc-
cessive subculture cycles before biochemical and physi-
ological measurements. Growth curve was determined in 
triplicates using a brightline hemocytometer under light 
microscope every day.

Screening of transformants by molecular approaches
The incorporation of constructed expression cassettes 
into diatom genome was investigated by colony genomic 
PCR. After electroporation, the transformants were 
spread on the culture plates supplemented with bleo-
mycin under standard conditions. After 2–3 weeks, sur-
vived colonies were picked and inoculated in 5 ml liquid 
medium containing bleomycin. In the stationary phase 
(~ 10 days), 1 ml of the culture was centrifuged and resus-
pended in 20 µl ddH2O. Finally 1 µl was used as the tem-
plate for a 20 µl-reaction of genomic PCR. Primers Ble-F 
and Ble-R were used to amplify the integration of Ble 
gene [16]. GUS assay was performed to detect the GUS 
gene expression. It was performed on cells (correspond-
ing to 7.5 × 106 cells) resuspended in 200 µl GUS extrac-
tion buffer [50 mM sodium phosphate (pH 7.0), 10 mM 

Table 1  Plasmids and strains used in this work

Strains Plasmid Source

pHY11 Niu et al. [12]

pHY21: PfcpC-EGFP- TfcpA- Ble This work

Pt211-GUS pPt211-GUS This work

Pt211 pPt211-DGAT2-Flag-2A-GPAT-Myc This work

http://bioinformatics.psb.ugent.be/webtools/plantcare/html
http://bioinformatics.psb.ugent.be/webtools/plantcare/html
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EDTA (pH 8.0), 0.1% SDS, 0.1% Triton X-100, and freshly 
added 10 mM β-mercaptoethanol and 25 µg ml−1 PMSF] 
and 4 µl X-Gluc, for 12 h at 37 °C [17].

The relative transcript abundance of GUS, DGAT2 and 
GPAT, were determined by quantitative real-time PCR 
(qPCR) with qPCR SYBR Green master mix (Vazyme, 
China) and performed on BIO-RAD CFX96 (BioRad, 
USA). Total RNA was isolated from microalgae using 
Plant RNA Kit (OMEGA, USA) and reversely transcribed 
into first strand cDNA using PrimeScript™ RT Reagent 
Kit (Takara, Japan). qPCR analysis was performed fol-
lowing the method as previously described [6]. The rela-
tive transcript abundance was determined by the 2−ΔΔCt 
method after normalization to the endogenous control 
gene β-actin.

To examine the protein expression of DGAT2 and 
GPAT in transformants, Western blot analysis was 
performed against anti-c-Myc and anti-Flag tags as 
described previously. An anti-Flag antibody (1:3500; 
Sigma-Aldrich, USA) and anti-Myc antibody (1:5000; 
Sigma-Aldrich, USA) were used as the corresponding 
primary antibodies, respectively. HRP-conjugated goat 
anti-rabbit secondary antibody (1:5000, CST, USA) was 
used as the secondary antibody. The membrane was 
developed by chemiluminescence system. β-Actin was 
used as internal reference.

Analysis of photosynthetic activity
The maximum quantum yield of photosystem II (Fv/Fm; 
ratio of variable/maximum fluorescence) of microalgae 
was measured using phytoplankton analyzer (WALZ, 
Germany).

Fluorometric and gravimetric analysis of lipid content
Cellular neutral lipid content was determined by using 
Nile Red staining (Sigma, USA) according to Yang et al. 
[11]. Staining was performed in a 96-well microtitre plate 
in triplicates and fluorescence was recorded using Syn-
ergy 4 Hybrid (BioTek, USA) at a wavelength of 530 nm 
excitation and 580  nm emission. For confocal micro-
scopic observation of microalgal morphology, cells 
were stained with Nile red and lucifugally incubated for 
10 min at room temperature. Stained cells were observed 
under a laser-scanning confocal microscope Zeiss LSM-
510meta (Zeiss, Germany) with an excitation wavelength 
of 488 nm and an emission wavelength of 505–550 nm.

Total lipids from the microalgae were extracted as 
per the protocol reported by Bligh and Dyer [27]. Cells 
were subjected to nitrogen deprivation to validate the 
lipid accumulating capability as previously described 
[9]. Fatty acid composition of the total lipids was ana-
lyzed as fatty acid methyl esters (FAMEs) by using gas 

chromatography–mass spectrometry (GC–MS) accord-
ing to the protocol reported previously [11].

Results and discussion
In silico analysis and molecular cloning of the promoter 
Pt211
Based on our previously analyzed transcriptome of P. tri-
cornutum [11], the upstream region to the hypothetical 
protein gene (PHATRDRAFT_49211) with higher tran-
script abundance was selected. The 1020-bp upstream 
region designated Pt211 was predicted by using the 
online tools such as PLACE and PlantCARE and 23 
revealed the presence of 19 types of potential cis-ele-
ments. Interestingly, we found that Pt211 harbors criti-
cal cis-regulatory elements including 21 TATA boxes and 
22 CAAT boxes that are essential in transcription (Fig. 1). 
Thereafter, the putative promoter Pt211 containing the 
necessary regulatory elements was subjected to further 
analysis for its transcriptional regulatory role.

Experimental validation of Pt211 promoter using GUS 
reporter
To assess the activity of identified Pt211, GUS reporter 
gene was cloned under the control of Pt211 (Fig. 2a) and 
the P. tricornutum was transformed with the recombi-
nant plasmid pPt211-GUS. Molecular analyses including 

Fig. 1  Schematic map of cis-acting elements predicted in Pt211. The 
predicted cis-acting regulatory elements are underlined
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colony genomic PCR and qPCR were further carried 
out. Genomic PCR analysis revealed the presence of 
1.8-kb amplicon GUS reporter in engineered microal-
gae, whereas no such band was present in WT (Fig. 2b). 
In order to investigate the promoter activity, the relative 
transcript abundance of GUS expression driven by Pt211 
was determined. As shown in Fig.  2c, the transcription 
of GUS was detected only in the engineered strains and 
it was found to be relatively quite high compared to the 
internal reference actin gene. Subsequently, the GUS 
staining signal in microalgae was observed under a flu-
orescence microscope. As shown in Fig.  2d, engineered 
microalgae exhibited specific GUS staining signal (blue 
color) whereas WT showed no GUS staining.

Construction of double gene expression cassette 
under the control of Pt211 promoter and algal 
transformation
After successful verification of the driving role of pro-
moter Pt211 using GUS, we then employed Pt211 to 
drive the expression of DGAT2 and GPAT, the key genes 
involved in de novo TAG biosynthetic pathway, to test its 
potential in biotechnology application. An omega leader 
sequence was added before the coding region for enhanc-
ing translation, and DGAT2 and GPAT were linked with 
a designed 2A sequence (Fig. 3a). The recombinant con-
struct pPt211-DGAT2-2A-GPAT was then introduced 
into P. tricornutum.

Molecular characterization of engineered strains
Several independent engineered strains were screened 
in terms of molecular and lipid productivity analysis. 
For clarity and conciseness of the presentation, only the 

Fig. 2  Characterization of Pt211 promoter. a Schematic map of the Pt211-GUS expression cassette. b Genomic PCR analysis. S1: WT, S2-3: Pt211-
GUS-1, Pt211-GUS-2, M: molecular marker. Lane M: 5000 bp DNA ladder. c Relative transcript abundance of Pt211 driven GUS expression determined 
by qPCR. D4 and D8 indicate the fourth and 8th day of the cultivation period. ** indicates a significant difference (p < 0.01). Each value represents 
mean ± SD (n = 3). d GUS staining of microalgae observed under a fluorescence microscope

Fig. 3  Molecular analysis of engineered microalgae. a Schematic representation of the Pt211-D2G (DGAT2 and GPAT) construct. b Genomic PCR 
analysis of engineered strains showed the integration of Pt211-D2G construct. S1–S5: engineered strains, S6: WT, M: molecular marker. c, d qPCR 
analysis of DGAT2 (c) and GPAT (d) transcript levels. * and ** indicates the significant difference at p < 0.05 and p < 0.01 level, respectively. Each 
value represents mean ± SD (n = 3). e Western blot analysis. The anti-Flag and anti-Myc antibodies were used for the detection of DGAT2 and GPAT, 
respectively
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data of two engineered strains were presented and desig-
nated Pt211-1 and Pt211-2. To detect the stable integra-
tion of expression cassette into the host genome, colony 
genomic PCR was performed. As expected, a 1.2-kb 
amplicon of the expression cassette was detected in engi-
neered strains while absent in WT (Fig. 3b). The relative 
transcript levels of DGAT2 and GPAT driven by Pt211 
were determined by qPCR. Results showed that tran-
script abundance of DGAT2 and GPAT was remarkably 
increased by 5.5- and 2.7-fold, respectively, compared 
to that of WT (Fig. 3c, d). Western blotting was carried 
out to confirm the protein expression. Specific cross-
reacting bands of about 40.4- and 35.0-kDa correspond-
ing to DGAT2 and GPAT, respectively, were observed in 
the engineered strains, while no band was present in WT 
(Fig. 3e). These results suggest that Pt211 promoter can 
significantly drive the expression of multi-stack genes.

Growth and photosynthetic rate of engineered microalgae
To evaluate the impact of Pt211 driven DGAT2 and 
GPAT expression on general physiological and growth 
characteristics of the cells, growth and photosynthetic 
performance were determined. As shown in Fig. 4a, both 
engineered and WT cells exhibited similar growth rates 

(Fig.  4a). The maximum quantum efficiency of photo-
system II (Fv/Fm) was measured to detect the photosyn-
thetic performance and acclimation status. As shown in 
Fig.  4b, Fv/Fm was slightly higher in engineered strains 
than WT. These results suggested that Pt211-driven 
DGAT2 and GPAT overexpression did not impair growth 
and photosynthetic performance.

Pt211‑driven expression of DGAT2 and GPAT elevated 
neutral lipid accumulation
Fluorometric and conventional gravimetric analysis of 
lipids were performed to measure the neutral lipid con-
tent in microalgae. As shown in Fig.  4c, fluorometric 
analysis revealed that the relative neutral lipid content 
was increased significantly by 3.6- and 3.9-fold in strains 
Pt211-1 and Pt211-2, respectively, than WT, and also 
higher than that of conventional fcpC-driven engineered 
microalgae. Gravimetric analysis of lipid content showed 
that total lipid content was increased notably by 2.6-fold 
in engineered strains than WT and reached 56.6 and 
57.5% (dry cell weight) in strains Pt211-1 and Pt211-2, 
respectively. Compared to the DGAT2- or GPAT-over-
expressing microalgae [3, 16] previously generated in our 

Fig. 4  Growth curves and neutral lipid accumulation of microalgae. a Growth curve. b Photosynthetic efficiency indicated by chlorophyll fluo‑
rescence parameter Fv/Fm. c Neutral lipid accumulation per culture volume. d Neutral lipid accumulation under N deprivation (-N). e Total lipid 
content of microalgal strains determined by gravimetry (dry cell weight). Each value represents mean ± SD (n = 3). * and ** indicate the significant 
difference at p < 0.05 and p < 0.01 level, respectively
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lab, both strains Pt211-1 and Pt211-2 exhibited signifi-
cant increase in total lipid content (Fig. 4d).

It is well established that nitrogen deprivation can 
stimulate lipid accumulation in microalgae. Thus, the 
engineered strains were further subjected to nitrogen 
deprivation in order to achieve the maximum lipid pro-
ductivity. As shown in Fig. 4e, under -N, both the engi-
neered and WT accumulated more lipid content as 
expected, while the lipid content was even higher under 
-N for 96 h than 48 h. Engineered cells showed 1.38-fold 
higher lipid content under -N for 96  h than that cul-
tured in N-replete medium. Taken together, these results 
revealed the potential role of Pt211 in governing the gene 
expression. Taken into account that neutral lipid content 
was significantly increased in Pt211 driven engineered 
strains than fcpC driven strains, this impact on lipid 
increment in Pt211 strains could be explained by a supe-
rior transcriptional regulatory role of the identified Pt211 
promoter.

Confocal microscopic examination of algal morphology
To further examine the morphological changes in strains, 
Nile red stained cells were observed under laser scanning 
confocal microscope. As shown in Fig. 5a, b, no change 
was observed in terms of cellular morphology and size 
between engineered and WT cells. By contrast, the vol-
ume and number of lipid droplets were increased con-
comitantly. This observation indicates that Pt211-driven 
expression of DGAT2 and GPAT lead to lipid overpro-
duction, which is in accordance with the fluorometric 
and gravimetric analysis of lipids.

Impact of Pt211 controlled DGAT2 and GPAT on fatty acid 
biosynthesis
The effects of DGAT2 and GPAT overexpression on fatty 
acid composition were investigated in microalgae dur-
ing the stationary phase by GC–MS analysis. As shown 
in Fig.  5c, fatty acid composition was altered in engi-
neered strains. Total saturated fatty acid content was 
decreased in engineered strains. On the other hand, total 
content of monounsaturated and polyunsaturated fatty 
acid was found to be increased. Monounsaturated fatty 
acids are predominantly composed of C16:1 and C18:1, 
and C16:1 content was even at least 9.0-fold higher than 
C18:1 content in both engineered and WT cells. Among 
polyunsaturated fatty acid content, C20:5 as the majority 
component was increased, while no significant change 
was observed in terms of C16:3 and C18:2.

Discussion
Our findings revealed a strong promoter Pt211 which 
showed higher efficiency in driving multiple gene expres-
sion compared to the commonly used promoter fcpC. 
Metabolic engineering strategies require precisely con-
trolled expression of desired genes in order to achieve 
the overproduction, as the metabolic flux is controlled 
by series of reactions and regulatory components during 
various stages [18]. Lack of high efficiency promoters has 
hampered the exploitation of microalgae.

Our previous transcriptomic analyses of P. tricornu-
tum indicated the presence of putative promoters to 
drive high transcription. In the present study, we identi-
fied the promoter Pt211 and the occurrence of essential 
regulatory components. In silico analyses revealed the 
presence of 19 potential cis-acting elements in 1.02-kb 

Fig. 5  Cell morphology and fatty acid composition. a WT. b Engineered cells. Left: red fluorescence of neutral lipids; middle: DIC (differential 
interference contrast); right: overlay image of red fluorescence and DIC. Bar = 5 μm. c The relative abundance of fatty acid composition within 
neutral lipids
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Pt211 promoter including 21 TATA- and 22 CAAT-
boxes. The TATA box has been considered a crucial ele-
ment in determining the transcription initiation site and 
also for the recognition of transcription site by transcrip-
tion factors [19], The CAAT box was known to regulate 
the transcription frequency [20]. In addition to core cis 
elements, a number of other cis-acting regulatory ele-
ments were identified in Pt211. These included several  
light responsive elements (I-box, -84; GATA-motif, -710;  
Sp1, -447 and TCCC-motif, -71; G-box, -301), phytohor- 
mone responsive elements, methyl jasmonate responsive  
elements and regulatory element associated to the TGA 
GTCA motif. Its capability of driving exogenous gene was 
experimentally validated. Our qPCR data revealed that 
relative transcript abundance of GUS reporter was found 
to be significantly higher in Pt211-GUS strains, which 
also remained constitutively stable during the whole cul-
ture period. GUS histochemical analysis revealed that 
Pt211 conferred high level GUS activity.

Regulation of multiple genes has been considered to 
be crucial in metabolic rewiring approaches. Particu-
larly, metabolic engineering for lipid overproduction 
often necessitates the expression of multiple crucial 
genes under the control of a strong promoter [21]. Con-
ventional approaches such as sequential transforma-
tion with multiple genes had the drawbacks such as 
labor-intensive, increased copy number of transgenes, 
etc. [22]. Hence, we attempted and successfully demon-
strated the strength of Pt211 promoter in driving multi-
ple genes by fusing two crucial lipid synthesis-associated 
genes GPAT and DGAT2. Molecular characterization of 
engineered strains revealed that relative transcript abun-
dance of both GPAT and DGAT2 increased significantly. 
Lipid accumulation capability was higher than that under 
control of conventional fcpC promoter. Wang et al. [23] 
reported that the identified promoter gpd3 was found to 
be more effective than the routinely used nmt1 promoter 
in yeast Schizosaccharomyces pombe [23]. In order to fur-
ther evaluate whether the promoter activity was impaired 
by the nutrient stress, engineered microalgae were sub-
jected to nitrogen deprivation treatment. Importantly, 
the relative lipid content was remarkably increased in 
engineered strains subjected to -N than that grown in 
normal conditions. It has been reported that promoter 
activity was significantly affected by the environmental 
factors [24, 25] and chemical components [26]. Intrigu-
ingly, our results indicated that promoter Pt211 constitu-
tively expressed multiple genes and the activity was not 
impaired by nitrogen deprivation.

Conclusion
A constitutive high efficiency promoter Pt211 with sig-
nificant cis-acting elements was identified, and simulta-
neous multiple gene expression with the strategy of 2A 
linker was first succeeded in microalgae. Pt211 driven 
GPAT-DGAT2 expression resulted in remarkable eleva-
tion of relative content and conferred stable expression 
in engineered microalgae. Overall, the findings provide 
a new molecular tool kit for coordinated expression of 
multiple metabolic nodes.

Abbreviations
ACCase: acetyl-CoA carboxylase; GC–MS: gas chromatography–mass spec‑
trometry; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty 
acid; qPCR: quantitative polymerase chain reaction.

Authors’ contributions
LZ, JC, and DZ designed expression constructs and generated transformed 
algae. LZ, JC and DL maintained algal cultures and performed molecular 
analysis. LZ, SB and WY analyzed the data. LZ, JL and HL designed the experi‑
ments and wrote the manuscript. All authors read and approved the final 
manuscript.

Acknowledgements
Not applicable.

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

Availability of data and supporting materials
The dataset supporting the conclusions of this article is included within the 
article.

Ethics approval and consent to participate
Not applicable.

Funding
This work was supported by the Guangdong Natural Science Foundation 
(2014A030308010) and the Natural Science Foundation of China (41576132).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 6 January 2018   Accepted: 31 March 2018

References
	1.	 Hamilton ML, Haslam RP, Napier JA, Sayanova O. Metabolic engineer‑

ing of Phaeodactylum tricornutum for the enhanced accumulation of 
omega-3 long chain polyunsaturated fatty acids. Metab Eng. 2014;22:3–9.

	2.	 Wang X, Liu YH, Hu DX, Balamurugan S, Lu Y, Yang WD, Liu JS, Li HY. Iden‑
tification of a putative patatin-like phospholipase domain-containing 
protein 3 (PNPLA3) ortholog involved in lipid metabolism in microalga 
Phaeodactylum tricornutum. Algal Res. 2015;12:274–9.

	3.	 Niu YF, Wang X, Hu DX, Balamurugan S, Li DW, Yang WD, Liu JS, Li HY. 
Molecular characterization of a glycerol-3-phosphate acyltransferase 
reveals key features essential for triacylglycerol production in Phaeodacty-
lum tricornutum. Biotechnol Biofuels. 2016;9:1–11.

	4.	 Hempel F, Lau J, Klingl A, Maier UG. Algae as protein factories: expression 
of a human antibody and the respective antigen in the diatom Phaeodac-
tylum tricornutum. PLoS ONE. 2011;6:e28424.



Page 8 of 8Zou et al. Microb Cell Fact  (2018) 17:54 

•
 
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 •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

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

	5.	 Hempel F, Maier UG. An engineered diatom acting like a plasma cell 
secreting human IgG antibodies with high efficiency. Microb Cell Fact. 
2012;11:126.

	6.	 Xue J, Niu YF, Huang T, Yang WD, Liu JS, Li HY. Genetic improvement 
of the microalga Phaeodactylum tricornutum for boosting neutral lipid 
accumulation. Metab Eng. 2015;27:1–9.

	7.	 Poulsen N. A new molecular tool for transgenic diatoms. FEBS J. 
2005;272:3413–23.

	8.	 Miyagawa A, Okami T, Kira N, Yamaguchi H, Ohnishi K, Adachi M. Research 
note: high efficiency transformation of the diatom Phaeodactylum tricor‑
nutum with a promoter from the diatom Cylindrotheca fusiformis. Phycol 
Res. 2009;57:142–6.

	9.	 Xue J, Wang L, Zhang L, Balamurugan S, Li DW, Zeng H, Yang WD, Liu JS, 
Li HY. The pivotal role of malic enzyme in enhancing oil accumulation in 
green microalga Chlorella pyrenoidosa. Microb Cell Fact. 2016;15:120.

	10.	 Radakovits R, Eduafo PM, Posewitz MC. Genetic engineering of fatty acid 
chain length in Phaeodactylum tricornutum. Metab Eng. 2011;13:89–95.

	11.	 Yang ZK, Niu YF, Ma YH, Xue J, Zhang MH, Yang WD, Liu JS, Lu SH, Guan Y, 
Li HY. Molecular and cellular mechanisms of neutral lipid accumulation in 
diatom following nitrogen deprivation. Biotechnol Biofuels. 2013;6:67.

	12.	 Niu YF, Yang ZK, Zhang MH, Zhu CC, Yang WD, Liu JS, Li HY. Transforma‑
tion of diatom Phaeodactylum tricornutum by electroporation and 
establishment of inducible selection marker. Biotechniques. 2012. https://
doi.org/10.2144/000113881.

	13.	 Higo K, Ugawa Y, Iwamoto M, Korenaga T. Plant cis-acting regulatory DNA 
elements (PLACE) database: 1999. Nucleic Acids Res. 1999;27:297–300.

	14.	 Lescot M, Dehais P, Thijs G, Marchal K, Moreau Y, Van de Peer Y, Rouze P, 
Rombauts S. PlantCARE, a database of plant cis-acting regulatory ele‑
ments and a portal to tools for in silico analysis of promoter sequences. 
Nucleic Acids Res. 2002;30:325–7.

	15.	 Agalarov SC, Sogorin EA. Insight into the structural organization of the 
omega leader of TMV RNA: the role of various regions of the sequence 
in the formation of a compact structure of the omega RNA. Biochem 
Biophys Res Commun. 2011;404:250–3.

	16.	 Niu YF, Zhang MH, Li DW, Yang WD, Liu JS, Bai WB, Li HY. Improvement of 
neutral lipid and polyunsaturated fatty acid biosynthesis by overexpress‑
ing a type 2 diacylglycerol acyltransferase in marine diatom Phaeodacty-
lum tricornutum. Mar Drugs. 2013;11:4558–69.

	17.	 Hirata R, Takahashi M, Saga N, Mikami K. Transient gene expression sys‑
tem established in Porphyra yezoensis Is widely applicable in Bangiophy‑
cean algae. Mar Biotechnol. 2011;13:1038–47.

	18.	 Ruiz-Lopez N, Haslam RP, Usher SL, Napier JA, Sayanova O. Reconstitution 
of EPA and DHA biosynthesis in Arabidopsis: iterative metabolic engi‑
neering for the synthesis of n − 3 LC-PUFAs in transgenic plants. Metab 
Eng. 2013;17:30–41.

	19.	 Leetong I, Young RA. Transcription of eukaryotic protein-coding genes. 
Genetics. 2000;34:77–137.

	20.	 Shi SY, Miao HY, Du XM, Gu JT, Xiao K. GmSGR1, a stay-green gene in 
soybean (Glycine max L.), plays an important role in regulating early leaf-
yellowing phenotype and plant productivity under nitrogen deprivation. 
Acta Physiol Plant. 2016;38:1–14.

	21.	 Runguphan W, Keasling JD. Metabolic engineering of Saccharomyces 
cerevisiae for production of fatty acid-derived biofuels and chemicals. 
Metab Eng. 2014;21:103–13.

	22.	 Naqvi S, Farre G, Sanahuja G, Capell T, Zhu CF, Christou P. When more is 
better: multigene engineering in plants. Trends Plant Sci. 2010;15:48–56.

	23.	 Wang H, Wang H, Wang M, Zhang L, Wang R, Mei Y, Shao W. Identification 
and refinement of two strong constitutive promoters for gene expression 
system of Schizosaccharomyces pombe. World J Microbiol Biotechnol. 
2014;30:1809–17.

	24.	 Han C, Lai Z, Shi J, Yong X, Chen Z, Xu X. Roles of arabidopsis WRKY18, 
WRKY40 and WRKY60 transcription factors in plant responses to abscisic 
acid and abiotic stress. BMC Plant Biol. 2010;10:443–62.

	25.	 Martel C, Vrebalov J, Tafelmeyer P, Giovannoni JJ. The tomato MADS-
box transcription factor RIPENING INHIBITOR interacts with promoters 
involved in numerous ripening processes in a COLORLESS NONRIPENING-
dependent manner. Plant Physiol. 2011;157:1568–79.

	26.	 Kim HG, Hien TT, Han EH, Hwang YP, Choi JH, Kang KW, Kwon KI, Kim BH, 
Kim SK, Song GY. Metformin inhibits P-glycoprotein expression via the 
NF-κB pathway and CRE transcriptional activity through AMPK activation. 
Br J Pharmacol. 2011;162:1096–108.

	27.	 Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purifica‑
tion. Can J Biochem Physiol. 1959;37:911–7.

https://doi.org/10.2144/000113881
https://doi.org/10.2144/000113881

	High-efficiency promoter-driven coordinated regulation of multiple metabolic nodes elevates lipid accumulation in the model microalga Phaeodactylum tricornutum
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Strain and culture conditions
	Identification of promoter sequence and vector construction
	Screening of transformants by molecular approaches
	Analysis of photosynthetic activity
	Fluorometric and gravimetric analysis of lipid content

	Results and discussion
	In silico analysis and molecular cloning of the promoter Pt211
	Experimental validation of Pt211 promoter using GUS reporter
	Construction of double gene expression cassette under the control of Pt211 promoter and algal transformation
	Molecular characterization of engineered strains
	Growth and photosynthetic rate of engineered microalgae
	Pt211-driven expression of DGAT2 and GPAT elevated neutral lipid accumulation
	Confocal microscopic examination of algal morphology
	Impact of Pt211 controlled DGAT2 and GPAT on fatty acid biosynthesis

	Discussion
	Conclusion
	Authors’ contributions
	References




