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Abstract

Because microalgae have much higher lipid and biomass productivity compared to terrestrial plants,
they are promising sources of lipid triacylglycerol (TAG) for biodiesel production. Currently, biodiesel production
from microalgae is technically feasible, but not yet economically viable. Increasing microalgal TAG content via
genetic engineering could be a potential approach to improve the efficiency of biodiesel production. The TAG
biosynthesis pathway includes key enzymes, lysophosphatidic acid acyltransferase (LPAAT) and diacylglycerol
acyltransferase (DGAT). The microalga, Neochloris oleoabundans, has been shown to accumulate 36-54%
lipids of its cell dry weight. Up to 80% of the total lipids are TAG mainly comprised of the saturated fatty acids
containing carbon around 16-20 atoms ideal for biodiesel production.

Our research is aimed to increase the accumulation of lipids in N. oleoabundans via genetic
engineering. To achieve our goal, the stable gene transfer system of N. oleoabundans was developed in our
laboratory. The cDNA encoding key enzymes LPAAT (NeoLPAAT) and DGAT (NeoDGAT?2) of N. oleoabundans
were cloned and characterized. We successfully transferred the NeoDGAT2 cDNA into the nuclear genome of
N. oleoabundans. The lipid accumulation of the resulting transformants is significantly higher than that of wild
type. How the NeoLPAAT and NeoDGAT2 gene are regulated would be important for increasing TAG
accumulation. This study is aimed: to clone and characterize the regulatory sequences of NeoLPAAT and
NeoDGAT2 gene; to overexpress the NeoLPAAT cDNA; and to co-overexpress the NeoLPAAT and NeoDGAT?2
cDNA in N. oleoabundans. Results indicated that: (i) there are several predicted cis-regulatory elements of the
upstream sequences of NeoLPAAT and NeoDGAT?2 gene; (ii) the regulatory sequences of NeoLPAAT and
NeoDGAT2 gene were induced under N-starvation condition; (iii) overexpression of NeoLPAAT cDNA in N.
oleoabundans transformant B2-LP accelerated neutral lipid accumulation about 2.5-fold higher than in wild type.
The NeoLPAAT transcript in transformant B2-LP was 2-fold higher than in wild type; total lipid content increased
1.9-fold; TAG content increased 2.1-fold when compared to wild type. The fatty acid composition of the
transformant was altered when compared to that of wild type: C18:2 was increased 1.8-fold; (iv) Co-
overexpression of NeoLPAAT and NeoDGAT2 cDNA in N. oleoabundans transformant AR-LD increased neutral
lipid accumulation, total lipid content of transformant AR-LD increased 1.6-fold; TAG content increased 2.1-fold
when compared to wild type. The fatty acid composition of transformant AR-LD was altered when compared to
that of wild type: C16:0 increased and C18:0 decreased. Thus, the level of increased TAG content in
transformant AR-LD is similar to that in transformant B2-LP.

Our results demonstrate that the regulatory sequences of NeoLPAAT and NeoDGATZ2 gene were
induced under N-starvation condition. The increased TAG content and productivity in N. oleocabundans by
overexpression of NeoLPAAT and co-overexpression of NeoLPAAT and NeoDGAT2 may offer the first step

towards making microalgae an economically feasible source for biodiesel.

Key words: Biodiesel, Microalgae, Lysophosphatidic acid acyltransferase (LPAAT), Diacylglycerol
acyltransferase (DGAT), Triacylglycerol, Lipids
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Rationale

Recent rising oil price and depleting fossil fuel reserve have generated interest in
searching alternative and renewable sources. Biodiesel has been considered as an alternative
biofuel that can replace petrodiesel. Biodiesel appears to have several favorable environmental
properties resulting in no net increase of carbon dioxide and very low sulfur content. It is generally
made by transesterification of vegetable oil. The significant economic and environmental impact
of using agricultural crops, especially food crops, for examples: palm, soybean, rapeseed and
sunflower, as a feedstock for biodiesel raises crucial sustainability issues. Microalgae are a
promising alternative source of vegetable oil. They have much higher rates of biomass and oil
production than convention crops and can be grown in non-cultivable land and do not replace
food crops. Therefore, microalgae are a promising alternative source of lipid for biodiesel
production. However, currently, production of biodiesel from microalgae is technically, but not yet
economically, feasible. Increasing algal lipid content via genetic engineering could improve

microalgae as an economically viable biofuel feedstock.



Due to the limited understanding of microalgae genetics and physiology, lipid metabolism
from higher plants and bacteria has been the basis from which the accumulation of triacylglycerol
(TAG) in microalgae has been modeled. It has been shown that overexpression of genes involved
in TAG assembly (Kennedy pathway) increase lipid content. For examples, overexpression of
glycerol-3-phosphate acyltransferase (GPAT, EC: 2.3.1.15), lysophosphatidic acid acyltransferase
(LPAAT EC: 2.3.1.51), or diacylglycerol acyltransferase (DGAT EC: 2.3.1.20) all result in

significant increases in plant lipid production.

The unicellular fresh-water microalga, Neochloris oleoabundans (a taxonomic synonym of
Ettlia oleoabundans), seems to be one of microalgae having highest lipid content and productivity.
It has been shown that N. oleoabundans is able to accumulate 36-54% lipids of its cell dry weight
under nitrogen starvation condition and its TAG comprises 80% of the total lipids. The TAG of N.
oleoabundans is mainly comprised of the saturated fatty acids containing carbon around 16-20
atoms ideal for biodiesel production. There is no published data concerning genes encoding
LPAAT and DGAT of N. oleoabundans. No genomic sequences and molecular genetic techniques

are available in N. oleoabundans.

Our research is aimed to increase the accumulation of lipids in N. olecabundans via
genetic engineering. To achieve our goal, the stable gene transfer system of N. oleoabundans
has been developed recently in our laboratory. The cDNA encoding key enzymes LPAAT and
DGAT2 in TAG biosynthesis pathway of N. oleoabundans were cloned and characterized. We
successfully transferred the DGAT2 cDNA under the control of heterologous promoter into the
nucleus genome of N. oleoabundans. Our preliminary results indicated that the lipid accumulation
of the resulting transgenic N. oleoabundans occurred at earlier stage of cells and was
approximately 50- to 200-fold higher than that of wild type. Co-overexpression of LPAAT might

provide more substrate for DGAT and result in increased lipid accumulation.

In this project, we aim to increase the lipid accumulation in N. oleoabundans by
overexpression of LPAAT cDNA alone or together with DGAT2 cDNA. In addition, the regulatory
sequences of LPAAT and DGATZ2 gene will be cloned and characterized using green fluorescent
protein or its variant as a reporter. The knowledge of LPAAT and DGAT2 gene regulation can be

used to increase the lipid accumulation in microalgae.



Objectives

This project is aimed to increase the accumulation of lipids in N. oleocabundans via genetic

engineering.

1). To clone and characterize the regulatory sequence of NeoLPAAT gene.

2). To clone and characterize the regulatory sequence of NeoDGAT?Z2 gene.

3). To increase the lipid accumulation in N. oleoabundans by overexpression of NeoLPAAT
cDNA.

4). To increase the lipid accumulation in N. oleoabundans by overexpression of both

NeoLPAAT and NeoDGAT?2 cDNA.

Results and Discussion

1),

Investigation of the use of mTq2Cfp as a reporter in N. oleoabundans

Plasmid pAR-mTq2 containing mTurquoise2 cyan fluorescent protein gene
(mTq2Cfp) under the control of AR promoter and Hyg3 gene as a selectable marker was
electroporated into N. oleocabundans cells to obtain transformant AR-mTqg2. Results indicated
that mTq2Cfp gene can be used as a reporter in N. oleocabundans. Introns have been shown
to have a positive effect on gene expression in eukaryotes, because their splicing improves
and accelerates nuclear mRNA export. To investigate the effect of intron 1 of rbcS2 gene in
mTq2Cfp gene expression, plasmids pAR-mTg2-int1 and pAR-mTqg2-int2 harboring one and
two copies of the intron1, respectively, were constructed and electroporated into the nuclear
genome of N. oleoabundans. The mTg2Cfp fluorescence activity of the resulting transformant
AR-mTq2-int2 was higher than that of AR-mTq2-int1, therefore, mTqg2-int2 would be used as

a reporter in further experiments.

. Cloning and characterization of the regulatory sequence of NeoLPAAT gene

The regulatory sequence of NeoLPAAT gene was identified using genomic walking
method, 5 rapid amplification of genomic ends (5’RAGE). The 2,081-bp upstream sequence
(from start codon) of the NeoLPAAT gene was obtained. The functional motifs of the upstream
sequence were predicted using computer software. To map the regulatory region by deletion

analysis, plasmids containing reporter gene mTq2-int2 under the control of various size of the



4).

NeoLPAAT upstream sequence were constructed and transformed into the nuclear genome
of N. oleoabundans. Results revealed that NeolLPAAT regulatory sequence responds to

nitrogen starvation and also contains putative MYB element.

. Cloning and characterization of the regulatory sequence of NeoDGATZ2 gene.

The regulatory sequence of NeoDGATZ2 gene was identified using 5’RAGE. The
2,013 bp of NeoDGAT?Z regulatory sequence was obtained. To map the regulatory region by
deletion analysis, plasmids containing reporter gene mTq2-int2 under the control of various
size of the NeoDGAT2 upstream sequence: UpNeoDGAT2, A1, A2, A3, A4 and A5 were
constructed and transformed into the nuclear genome of N. oleoabundans. Results revealed
that the regulatory sequence responds to nitrogen starvation. The NeoDGATZ2 regulatory

sequence contains the putative nitrogen-starvation responsive element, MYB.
Overexpression of NeoLPAAT cDNA in N. oleoabundans

Plasmids pAR-LPs and pAR-LPo harboring NeoLPAAT cDNA under the control of
AR promoter was electroporated into N. oleoabundans cells. The resulting transformant AR-
LP clones were screened for neutral lipid accumulation using Nile red fluorescence dye. The
AR-LP transformants exhibiting highest fluorescence were selected for further study. Genomic
PCR revealed that NeoLPAAT cDNA was integrated into the nuclear genome of all the
selected transformants. The growth of selected AR-LP transformants was slightly slower than
that of wild type. Nile red staining analysis indicated that although the maximum lipid
accumulation of AR-LP transformant no. 48 was slightly higher than that of wild type, the lipid
accumulation was earlier. Because promoter AR is heat inducible, the effect of heat induction
on lipid accumulation in transformant AR-LP was investigated. Results indicated that lipid
accumulation in heat induction condition was not significantly different from that of without heat

induction.

To improve the lipid accumulation, plasmids pB2-LP harboring NeoLPAAT cDNA
under the control of constitutive promoter BZ-tubuIin was constructed and electroporated into
N. oleoabundans cells to obtain transformant B2-LP. The neutral lipid accumulation in
transformants B2-LP detected by Nile red staining was accelerated and 2.5-fold higher than
in wild type. The NeoLPAAT transcript in transformants B2-LP was 2-fold higher than in wild

type. In transformants B2-LP, total lipid content increased 1.9-fold and TAG content increased



2.1-fold when compared to wild type. The fatty acid composition of transformant B2-LP was
altered when compared to that of wild type; C18:2 was increased 1.8-fold. Thus,
Overexpression of NeoLPAAT cDNA in N. oleoabundans significantly increased TAG content

and altered fatty acid composition.

. Co-overexpression of both NeoLPAAT and NeoDGATZ2 cDNA in N. oleoabundans

Plasmid pAR-LD and pB2-LD harboring NeoLPAAT and NeoDGAT2 cDNA under the

control of promoters AR and Bz-tubulin, respectively, were constructed and electroporated
into N. oleoabundans cells. Screening of neutral lipid using Nile red revealed that transformant
AR-LD has higher neutral lipid accumulation than B2-LD, therefore transformant AR-LD was
used for further investigation. Neutral lipid accumulation of transformant AR-LD was higher
than that of wild type. Total lipid content of transformant AR-LD increased 1.6-fold; TAG
content increased 2.1-fold when compared to wild type. The fatty acid composition of
transformant AR-LD was altered when compared to that of wild type: C16:0 increased and
C18:0 decreased. Thus, the level of increased TAG content in transformant AR-LD is similar

to that in transformant B2-LP.

Our results demonstrate that the regulatory sequences of NeoLPAAT and NeoDGAT?2
gene were induced under N-starvation condition. The increased TAG content and productivity
in N. oleoabundans by overexpression of NeoLPAAT and co-overexpression of NeoLPAAT
and NeoDGAT2 may offer the first step towards making microalgae an economically feasible

source for biodiesel.
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Introduction to the research problem and its significance

Recent rising oil price and depleting fossil fuel reserve have generated interest in
searching alternative and renewable sources. Biodiesel has been considered as an alternative
biofuel that can replace petrodiesel. Biodiesel appears to have several favorable environmental
properties resulting in no net increase of carbon dioxide and very low sulfur content. It is generally
made by transesterification of vegetable oil. The significant economic and environmental impact
of using agricultural crops, especially food crops, for examples: palm, soybean, rapeseed and
sunflower, as a feedstock for biodiesel raises crucial sustainability issues. Microalgae are a
promising alternative source of vegetable oil. They have much higher rates of biomass and oil
production than convention crops and can be grown in non-cultivable land and do not replace
food crops (Mata et al., 2010). Therefore, microalgae are a promising alternative source of lipid
for biodiesel production. However, currently, production of biodiesel from microalgae is
technically, but not yet economically, feasible. Increasing algal lipid content via genetic

engineering could improve microalgae as an economically viable biofuel feedstock.

Due to the limited understanding of microalgae genetics and physiology, lipid metabolism
from higher plants and bacteria has been the basis from which the accumulation of triacylglycerol
(TAG) in microalgae has been modeled. It has been shown that overexpression of genes involved
in TAG assembly (Kennedy pathway) increase lipid content. For examples, overexpression of
glycerol-3-phosphate acyltransferase (GPAT, EC: 2.3.1.15), lysophosphatidic acid acyltransferase
(LPAAT EC: 2.3.1.51), or diacylglycerol acyltransferase (DGAT EC: 2.3.1.20) all result in
significant increases in plant lipid production (Jain et al., 2000; Taylor et al., 2002; Lardizabal et

al., 2008).

The unicellular fresh-water microalga, Neochloris oleoabundans (a taxonomic synonym of
Ettlia oleoabundans) (Deason et al., 1991), seems to be one of microalgae having highest lipid
content and productivity (Mata et al., 2010). It has been shown that N. oleoabundans is able to
accumulate 36-54% lipids of its cell dry weight under nitrogen starvation condition and its TAG
comprises 80% of the total lipids (Tornabene et al., 1983). The TAG of N. oleoabundans is mainly
comprised of the saturated fatty acids containing carbon around 16-20 atoms (Tornabene et al.,

1983) ideal for biodiesel production. Recently, transcriptomic analysis of N. oleoabundans
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revealed that under nitrogen limitation, the expression of gene encoding LPAAT is up-regulated
but that of gene encoding DGAT is relatively no change (Rismani-Yazdi et al., 2012). There is no
published data concerning genes encoding LPAAT and DGAT of N. oleoabundans. No genomic

sequences and molecular genetic techniques are available in N. oleoabundans.

Our research is aimed to increase the accumulation of lipids in N. olecabundans via
genetic engineering. To achieve our goal, the stable gene transfer system of N. oleoabundans
has been developed recently in our laboratory (Kitruksa and Chungjatupornchai, unpublished
data). The cDNA encoding key enzymes LPAAT and DGAT2 in TAG biosynthesis pathway of N.
oleoabundans were cloned and characterized (Phienluphon and Pootanakit unpublished data;
Watcharawipas and Chungjatupornchai unpublished data, respectively). We successfully
transferred the DGAT2 cDNA under the control of heterologous promoter into the nucleus genome
of N. oleoabundans. Our preliminary results indicated that the lipid accumulation of the resulting
transgenic N. olecabundans occurred at earlier stage of cells and was approximately 50- to 200-
fold higher than that of wild type. However, transgenic N. oleoabundans seems to bleach faster
than wild type (Klaitong and Chungjatupornchai unpublished data). This might be due to the
limitation of substrate for DGAT2 enzyme. Therefore, co-overexpression of LPAAT might provide

more substrate for DGAT and result in increased lipid accumulation and prolonged cell life.

In this project, we aim to increase the lipid accumulation in N. oleoabundans by
overexpression of LPAAT cDNA alone or together with DGAT2 cDNA. In addition, the regulatory
sequence of LPAAT and DGAT2 gene will be cloned and characterized using green fluorescent
protein or its variant as a reporter. The knowledge of LPAAT and DGAT?2 gene regulation can be

used to increase the lipid accumulation in microalgae.
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Objectives

This project is aimed to increase the accumulation of lipids in N. oleoabundans via genetic

engineering.

1). To clone and characterize the regulatory sequence of NeoLPAAT gene.

2). To clone and characterize the regulatory sequence of NeoDGAT?Z2 gene.

3). To increase the lipid accumulation in N. oleocabundans by overexpression of NeoLPAAT
cDNA.

4). To increase the lipid accumulation in N. oleocabundans by overexpression of both

NeolLPAAT and NeoDGATZ2 cDNA.
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Results and Discussion

1). Investigation of the use of mTq2Cfp as a reporter in N. oleoabundans

Plasmid pAR-mTqg2 (Fig.1a), containing mTq2Cfp gene under the control of AR
promoter and Hyg3 gene as a selectable marker, was constructed and electroporated
into N. oleoabundans cells. The resulting transformant AR-mTqg2 clones selected on
BBM agar containing Hygromycin B were screened for CFP activity. Results in Fig. 1b
indicated that mTq2Cfp gene can be used as a reporter in N. oleoabundans.

Introns have been shown to have a positive effect on gene expression in
eukaryotes, because their splicing improves and accelerates nuclear mRNA export
(Reed and Hurt 2002; Rose and Last 1997). In C. reinhardtii, heterologous gene
expression can be increased by the presence of intron1 of endogenous rbcS2 gene
(Lumgreras et al. 1998; Berthold et al. 2002). To investigate the effect of intron 1 of
rbcS2 gene in mTq2Cfp gene expression, plasmids pAR-mTq2-int1 and pAR-mTq2-int2
harboring one and two copies of the intron1, respectively, were constructed (Fig.1a) and
electroporated into the nuclear genome of N. oleocabundans. The mTqg2Cfp fluorescence
activity of the resulting transformant AR-mTq2-int2 was higher than that of AR-mTq2-

int1 (Fig.1b), therefore, mTq2-int2 would be used as a reporter in further experiments.
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Fig. 1. CFP fluorescence intensity of N. oleoabundans transformants

(A) Schematic diagram of plasmids harboring mTq2 reporter gene. AR, HSP70A/RBCS2
hybrid promoter of C. reinhardtii (Schroda et al. 2000); Int1, intron 1 of C. reinhardtii rbcS2 gene;
3 rbcS2, 3’ untranslated region of the C. reinhardtii ribulose bisphosphate carboxylase small
subunit gene (Fuhrmann et al. 1999). The figure is not drawn to scale.

(B) Plasmids (in A) were electroporated into N. oleoabundans to obtain transformants AR-
mTg2, AR-mTq2-Int1 and AR-mTq2-Int2. The fluorescence intensities in the transformants were
measured using a spectrofluorometer. Values of control without CFP (wild-type strain) were
subtracted. Each value and error bar represents the mean of three independent experiments and

the standard deviation
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2. Cloning and characterization of the regulatory sequence of NeoLPAAT gene
2.1 Cloning of the regulatory sequence of NeoLPAAT gene

The regulatory sequence of NeoLPAAT gene was identified using specific
primers based on NeoLPAAT cDNA sequence (Phienluphon and Pootanakit, unpublished
data) and genomic walking method, 5’ rapid amplification of genomic ends (5’RAGE). The
resulting PCR products were cloned into a vector and the DNA sequences were determined
using automated DNA sequencing. The 2,081-bp upstream sequence (from start codon) of

the NeoLPAAT gene was obtained (Fig. 2).

2.2 Characterization of the regulatory sequence of NeoLPAAT gene

The functional motifs of the upstream sequence were predicted using computer
software (Fig. 3 and 4). To map the regulatory region by deletion analysis, plasmids
containing reporter gene mTq2-int2 under the control of various size of the NeoLPAAT
upstream sequence were constructed (Fig. 5) and transformed into the nuclear genome of
N. oleoabundans. Results revealed that NeoLPAAT regulatory sequence responds to

nitrogen starvation (Fig. 6) and also contains putative MYB element.
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using genomic walking method, 5’'RAGE.

16

The 2,081-bp upstream sequence (from start codon) of the NeoLPAAT gene was obtained
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Fig. 3. Predicted cis-regulatory elements in upstream sequence of NeoLPAAT gene

(nt -1,000 to -1)

The cis-acting regulatory elements: enhancers and repressors were analyzed by accessing
PlantCARE database (http://sphinx.rug.ac.be:8008/PlantCARE/). The motifs were indicated.
Asterisks indicate the motifs also predicted by PLACE database
(http://www.dna.affrc.go.jp/htdocs/PLACE/).
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Fig. 4. Predicted cis-regulatory elements in upstream sequence of NeoLPAAT gene (nt -
2,081 to -1,001)

The cis-acting regulatory elements: enhancers and repressors were analyzed by
accessing PlantCARE database (http://sphinx.rug.ac.be:8008/PlantCARE/). The motifs were
indicated. Asterisks indicate the motifs also predicted by PLACE database
(http://www.dna.affrc.go.jp/htdocs/PLACE/).
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Fig. 5. Plasmid constructs for deletion analysis of NeoLPAAT regulatory sequence

The plasmids pULM-F1, pULM-F2, pULM-F3 and pULM-F4 containing the reporter gene

mTq2-int2 under the control of various size of NeoLPAAT regulatory sequence are indicated.
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Fig. 6. Fluorescence intensity of pULM harbouring varied sizes of NeoLPAAT regulatory

sequence

The fluorescence intensities of transformant ULM grown under N-starvation conditions was
measured. Lines represent mean values. Wild type (Wt) was used as negative control. The

experiment was performed at least three independent experiments.
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3. Cloning and characterization of the regulatory sequence of NeoDGAT2 gene.
3.1 Cloning of the regulatory sequence of NeoDGAT2 gene.

The regulatory sequence of NeoDGATZ2 gene was identified using specific
primers based on NeoDGAT2 cDNA sequence (Chungjatupornchai and Watcharawipas,
2015) and 5’RAGE. The resulting PCR products were cloned into a vector and the DNA
sequences were determined using automated DNA sequencing. The 2,013 bp of

NeoDGAT2 regulatory sequence was obtained (Fig. 7).

3.2 Characterization of the regulatory sequence of DGAT2 gene.

To map the regulatory region by deletion analysis, plasmids containing reporter gene
mTq2-inl2 under the control of various size of the NeoDGATZ2 upstream sequence:
UpNeoDGAT2, A1, A2, A3, A4 and A5 were constructed (Fig. 8) and transformed into
the nuclear genome of N. oleoabundans. Results revealed that the regulatory sequence
responds to nitrogen starvation (Fig.9). The NeoDGATZ2 regulatory sequence contains the
putative nitrogen-starvation responsive element, MYB. The MYB related transcription factor
ROC40 is the most induced protein on nitrogen-starvation condition; transcription factor
ROC40 has a role in nitrogen-starvation induced lipid accumulation (Goncalves et al. 2016).
To verify the function of putative MYB on NeoDGAT2 regulatory sequence, electrophoretic
mobility shift assay (EMSA) using purified recombinant protein ROC40 was under

investigation.
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5 . 1895 AGCATTGCTCATTGGCGATCACAGGTGGATCAACAAGCGCTGG TCATTGCATGG TGLTGCCG TAGCAAGAGARAAAAGCCGTGCGGCACAACAGGGCATTGGCTACGCGGCCCAARATGGCTTCTGTGCGGCCAGCGCACCTGG

=1752 ACGGCTTGCCACGCTTGTACATAGGAGAAG CAGCCAAMAGGCCAGCACAAGGTCAGGGAGTGAL TGLCGLTTCATGGAGAGLGGCAGLAGGLGTGEAGGCTTGL TTGCTTGGGEGCTTCCCCCTGLTCGGTGAATCTAGCGTA
UPNDGAT2 -1575 NiT2
—
-1609 GAGCTTAAGCCACCCAAGCTGGTGTGCCTGTCAGGCIGCAGTGCAGTCGGTGGETAAGCTGCCTATRIGIBCGAAGGGTGETACAAC AGCAGCAAAAACACTCGGGGETGGATTATTGGCAAGGCATG TGCATGCTGTCCTAG
UPNDGAT2-1475 MYB STRE
——————————
1466  ACAGTCGCAGCAGCCAGCCTCGCTGCGGTCGGCT I CCGGGCAGCARBAGG GGRGTGCAAGCAGCAATAGGAGLGAGCCCGCTAGGCTGCAGCCCTCHCAAGCACGAAGACGT CCACCTACGTCGCTTTACAAA
STRE UPNDGATZ 1255 NITZ
_— s
-1323 CGCAGACTOGCCTGTCTGAGAGTGCAAAGATGAAACTTGTTG TTAAGCTGCCACCOGCTG TCAGGLCAACAGCGLAGTTGGCAGALGG TGLLAMMTTAACCAAGCCAGG CCCTGOOGG CACACTCGATACARCCTT TTGOGAAA
CEike element M
1179 GGATGAGGIMEEGCCACTCGECTTGACCTGCANCAGAGGCCGCGEGEAGGACGLGTCCGCEGAACTTTGTECAC CAACCGETCTGCTELGCATACGCAAGTTGLGGEAGLGGTEGEAGAGT CGLAAGCGCGGATAACAACTG
GATA NIT2
-1037 TATTATTGAGTCAAGAAACGCCCTACCTGLGCTGAAGCTTGCCCGTCGATTGTTAGG AEGGOGATARCBOEAGGC G TTGGACAACAAMACGCTGCCTACC TCTGGAGTACAGTAAGAAACCACTGLACGTGAGGGATGGAAT
NIT2
.893 GIGGTGGATATEBAGGTACCGGCCTTGTGTOGTTGAACCGG COGCAGAAGTCCGGATTGCCC TCLGGGCCGACCGLCGGACACGCTGCTCATCGTGAATC CCCCTTTCATTCCATGCTATAACACCCGTCAAGGAGGACAGTGGA

CE-like element
.749 GOCCACACTGTAAGATT TTCACCTCOGGAGTGAGCGATTCCGGATCCTGTTTTGGGCATGCTGLGLGGCCAGGLGLACACTGGOLAAGTGCTTCOGICOCGGCGTGTTCATTCCEAREGTTT TACAACATTGTATACTCCCATCAA

MV UPNDGAT2 516 NiT2
———
603 TCTGGCGACACGTGACGGTAMMCGTTGGGCGAATTGAAGCTTTTGACGGACAANCAGG I > 167G CACAGCGGTCTCCTGAGCAGCCTTCACCTGCAGATT TCGGCGCTACACACATTGCCGCACTRR

GATA GATA
-458 CAGAGAATCTGTGCTGTGATGGCAGCCGACCETGATGGOAG TCTGTGAAGTGGLGACAGG TTTGTGAGCCGLGTCCAGCTGGLCGCTTTGCAGCAG TCAACATGCCTATGCAAG CACGGGTGCAATGGGAGATGCATCTTCAA

-315 GCCTCTCAGCCGCAGACCTTTIGGTGGTAAGAALTGCGAGCATCAGGCATGTTGTGCCCTCTGGLGGGAGGCLGGLTGGGTGLCCGATICGAGACATGTCGGL CCATCTTTTGTTATACACAAAACCGCT CCATAACCTGAACAG

STRE TATA STRE
=170 GICTGGGCATATTTTCCGTCACG GLCAGGGGTAGGATT T‘I'I"I"[;\Mw-f" CAGCCGGTGTGGCAGCTAGGCACCCGCGCALGCGLTCTGCGCTGTGCTGLGCTGCACCAGAACAGATGCCT
" Trama | sTRe
=27 TOGTCACTGTTACTCAATCGGAATACTGTCGTTCTCAAGCCGTTTAGATCACTTCTTTCATTCT TTCAGCATATAT -(J-GF(QGGJ\'L 3
TF5earch
I PlantTFDB
B Literature
TATA Putatuve TATA box predicted using PlantCare
TATA Putatuve TATA box predicted using YAPP
— Deletion primers
—_— Putat & promoter predicted uiing BOGP

Putative cis- regulatory elements involved in N and P starvation and light induction

TATA-box Core promoter element around -30 of transcription start

NIT2 Binding site of NIT2 regulatory protein in nitrate assimilation pathway. In C. reinhardtii, NIT2 has been shown to be
up-regulated under —N (Fernandez and Galvan 2008).

GATA Binding site of GATA family transcription factor

CEl-like element Binding site of abscisic acid insensitive 4 (ABI4) transcription factor. In A. thaliana, ABI4 has been shown to be up-
regulated under —N and to directly bound to CEl-like element in A. thaliana DGAT! promoter and regulate DGAT
expression under -N (Yang et al. 2011).

STRE In yeast, STRE (stress response element) has been shown to be a N-starvation responsive element of the promoter of
genes inducible by =N (Seymour and Piper 1999).
MYB Binding site of MYB-related transcription factors. MYB-related transcription factors has been shown to have a role in

N starvation-induced lipid accumulation in C. reinhardrii and binding site of MYB-related transcription factors is
present CrDGTT] promoter. MY B-related transcription factors has also been shown to up-regulate under —P condition
and mvolved in the induction of P starvation-responsive genes (Rubio et al. 2014).

Fig. 7. Predicted cis-regulatory elements in upstream sequence of NeoDGAT2 gene

The elements were predicted using PlantCare database
(http://www.bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al. 2002),
TFSEARCH (http://www.rwcp.or.jp/lab/pdappl/papia.html) (Akiyama 1995) and YAPP
(http://www.bioinformatics.org/yapp/cgi-bin/yapp.cgi). Core promoter region was predicted
using BDGP (http://www.fruitfly.org/seq_tools/promoter.html) (Fisher et al. 2012).
Transcriptional start site is indicated as +1. Primers used in deletion analysis are indicated as

arrow.
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Fig. 8. Plasmid constructs for deletion analysis of NeoDGAT2 regulatory sequence
The upstream sequence of NeoDGAT2 gene (UpNeoDGAT?) and its derivatives: A1, A2,
A3, A4 and A5 located upstream of the reporter gene mTq2-int2 are indicated. The

transcriptional start site (+1) is indicated.
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Fig. 9. The mTq2 activity of transformant UpNeoDGAT2 under N-starvation condition
The fluorescence intensities of transformant UpNeoDGAT2 grown under N-

sufficient and N-starvation conditions was measured. Lines represent mean values. Relative

fold inductions are indicated. Wild type (Wt) was used as negative control. The experiment

was performed at least three independent experiments.
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4. Overexpression of NeoLPAAT cDNA in N. oleoabundans

Plasmids pAR-LPs and pAR-LPo harboring NeoLPAAT cDNA under the control of AR
promoter and Hyg3 gene as a selectable marker (Fig.10), was constructed and electroporated
into N. oleoabundans cells. The transformant AR-LP clones were selected on BBM agar
containing Hygromycin B. The transformants AR-LP were screened for neutral lipid
accumulation using Nile red fluorescence dye. The AR-LP transformants exhibiting highest
fluorescence were selected for further study. Genomic PCR revealed that NeoLPAAT cDNA
was integrated into the nuclear genome of all the selected transformants (Fig. 11). The growth
of selected AR-LP transformants was slightly slower than that of wild type (Fig. 12). Nile red
staining analysis indicated that although the maximum lipid accumulation of AR-LP transformant
no. 48 was slightly higher than that of wild type, the lipid accumulation was earlier (Fig. 13).
Because promoter AR is heat inducible, the effect of heat induction on lipid accumulation in
transformant AR-LP was investigated. Results indicated that lipid accumulation in heat induction
condition was not significantly different from that of without heat induction (Fig. 14).

To improve the lipid accumulation, plasmids pB2-LP harboring NeoLPAAT cDNA
under the control of constitutive promoter [2-tubulin was constructed (Fig. 15) and
electroporated into N. oleoabundans cells to obtain transformant B2-LP. The neutral lipid
accumulation in transformants B2-LP detected by Nile red staining was accelerated and 2.5-
fold higher than in wild type. The NeoLPAAT transcript in transformants B2-LP was 2-fold higher
than in wild type. In transformants B2-LP, total lipid content increased 1.9-fold and TAG content
increased 2.1-fold when compared to wild type (Fig. 16). The fatty acid composition of
transformant B2-LP was altered when compared to that of wild type; C18:2 was increased 1.8-
fold (**P < 0.05) (Table 1). Thus, Overexpression of NeoLPAAT cDNA in N. oleoabundans

significantly increased TAG content and altered fatty acid composition.
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Fig. 10 Schematic diagram of pAR-LPs and pAR-LPo plasmid construction

Plasmids pAR-LPs and pAR-LPo harbore hygromycin B-resistant gene Hyg3 and

NeoLPAAT cDNA under the control of AR promoter in the different orientation. Plasmids pYES-
FLPAT34 (Pootanakit and Phienluphon, unpublished data), pCrGFP (Fuhrmann et al. 1999), pAR-
ChGFP (Chungjatupornchai et al 2015) and pChGFP-Hyg3 (Chungjatupornchai et al 2015) were

indicated.



27

=
o .
S53
M WT Y é_& YC‘EC* C-
[,
bp bp
1,000 —
e — - 943
900 7 —

Fig. 11. Detection of NeoLPAAT cDNA integrated into the nuclear genome of transformant
AR-LPs and AR-LPo

Agarose gel stained with ethidium bromide. Lane M, Lambda DNA digested with Pstl;
WT, used as negative control PCR product; C+, plasmid pAR-LPs no. 58 used as positive control
PCR product; C-, no template (used as negative control PCR reaction); and the transformants

are indicated. The PCR product of 943 bp from NeoLPAAT cDNA is indicated.
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Fig. 12. Growth of transformants AR-LPs and AR-LPo under basal condition

Transformants AR-LPs no. 36, AR-LPs no. 90, AR-LPo no. 48 and wild-type were cultured
in liquid BBM without hygromycin B. Cell growth was monitored by (a), measuring cell density at
ODy50; and (b), counting cell number using Haemacytometer. Wild-type is represented with green.
Transformants AR-LPs no. 36, AR-LPs no. 90 and AR-LPo no. 48 are indicated in the figure.
Each value and error bar represents the mean of three independent experiments and the standard

deviation.
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Fig. 13. Nile Red fluorescence assay of transformants AR-LPs and AR-LPo under basal

condition
Transformants AR-
were cultured in liquid BB

using Nile Red fluorescenc

LPs no. 36, AR-LPs no. 90 and AR-LPo no. 48 including wild-type
M without hygromycin B. Neutral lipid accumulation was monitored

e staining. (a) Nile Red fluorescence intensity in 1 OD,5, of the cells.

(b) Nile Red fluorescence intensity in 3x10’ cells. Wild-type is represented with green.

Transformants AR-LPs no.
Each value and error bar re

deviation.

36, AR-LPs no. 90 and AR-LPo no. 48 are indicated in the figure.

presents the mean of three independent experiments and the standard
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Fig. 14. Nile Red fluorescence assay of transformants AR-LPs and AR-LPo under heat
shock condition

Transformants AR-LPs no. 36, AR-LPs no. 90 and AR-LPo no. 48 including wild-type
were cultured in liquid BBM without hygromycin B. Heat shock (1st HS) was firstly performed
for 40 min at 42°C then after 24 hours, heat shock (2nd HS) for 20 min at 42°C was performed.

Neutral lipid accumulation was monitored using Nile Red fluorescence staining.
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tubulin promoter.
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Fig. 16. Total lipid and TAG content of transformant overexpressing NeoLPAAT

Total lipid and TAG content (% of DCW) of transformant B2-LP overexpressing

NeoLPAAT was significantly increased when compared to that of wild-type (*P < 0.05). Each

value and error bar represents the mean of three independent experiments and the standard

deviation.
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Table 1. Fatty acid composition of TAG from transformant B2-LP overexpressing

NeoLPAAT

Each value and error bar represents the mean of three independent experiments and the

standard deviation.

Percentage (% of fatty acids)

Fatty acid identity

Wild-type Transformant B2-LPs no. 46
C 14:0 1.32 £ 0.71 1.22 £ 0.31
C 14:1 ND ND
C 15:0 0.30 0.24
C is0-15:0 ND ND
C 16:0 35.02 + 3.66 28.09 + 3.35
C 16:1 1.03 £ 0.34 1.71 £ 0.30
C 16:2 ND ND
C17:0 0.51 + 0.04 0.53 £ 0.18
C iso-17:0 ND ND
C17:1 0.48 0.48
C 18:0 8.81 +2.38 7.52 + 0.50
C 18:1 43.90 + 3.39 42.88 + 2.57
C 18:2 10.57 £ 4.10 18.76 £ 1.75
C 18:3 0.72 + 0.01 1.53 £ 0.18
C 19:0 ND ND
C is0-19:0 ND ND
C 19:1 ND ND
C 20:0 0.43 0.45
C 20:1 0.37 ND

ND — not detected
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5. Co-overexpression of both NeoLPAAT and NeoDGAT2 cDNA in N. oleoabundans

Plasmid pAR-LD and pB2-LD harboring NeoLPAAT and NeoDGAT2 cDNA under the
control of promoters AR and [2-tubulin, respectively, were constructed (Fig. 17) and
electroporated into N. oleoabundans cells. Screening of neutral lipid using Nile red revealed that
transformant AR-LD has higher neutral lipid accumulation than B2-LD, therefore transformant
AR-LD was used for further investigation. Neutral lipid accumulation of transformant AR-LD was
higher than that of wild type (Fig. 18 and 19). Total lipid content of transformant AR-LD increased
1.6-fold; TAG content increased 2.1-fold when compared to wild type (Fig. 20). The fatty acid
composition of transformant AR-LD-28 was altered when compared to that of wild type: C16:0
increased and C18:0 decreased (Fig. 21). Thus, the level of increased TAG content in

transformant AR-LD is similar to that in transformant B2-LP.
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The NeoDGAT2 PCR product containing the AR promoter, NeoDGAT2 cDNA and 3'rbcS2

was amplified from pAR-DGAT2 (Klaithong, unpublished data) template using primers AR-F3 and

3'rbcS2-R2. The EcoRV digested PCR product was inserted into the corresponding sites of pAR-

LPs (Areerat, unpublished data). The plasmid pAR-LPs harbors NeoLPAAT cDNA under the

control of AR promoter, and hygromycin-resistance gene Hyg3. Ampicillin-resistance gene (Amp)

and Hyg3 gene were used for selection of recombinant E. coli clones and transformant N.

oleoabundans, respectively.
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Fig. 18. Nile Red fluorescence intensity of transformant AR-LD

Wild-type and transformants AR-LD grown on BBM agar containing hygromycin B for 14
days were stained with the fluorescence dye Nile Red. The Nile Red fluorescence intensity was
determined using a spectrofluorometer. Transformant clone number is indicated in the figure. All
of transformants revealed significantly increased of Nile Red fluorescence intensity in comparison
to wild-type (*P<0.05). Each value and error bar represents the mean of three independent

experiments and the standard deviation.
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Total lipid and TAG (% of DCW) of transformant AR-LD overexpressing both NeoLPAAT

and NeoDGATZ2 cDNA was significantly increased when compared to that of wild-type (*P <

0.01). Each value and error bar represents the mean of three independent experiments and

the standard deviation.
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Fig. 21. Fatty acid composition in transformant AR-LD-28.

FAME in transformant AR-LD-28 and wild type were analyzed using GC-MS. Fatty acid
C16:0 and PUFA increased in transformant AR-LD-28, C18:0 decreased when compared to
wild type. SFA, MUFA and PUFA are Saturated, Monounsaturated and Polyunsaturated fatty
acids. Each value represents mean + SD (n=3). Significant difference between transformant

AR-LD-28 and wild type is indicated (*P < 0.05, **P < 0.01, t test).



40

Output N 1@ 1nlAINTT

aQ ~a

HAITBIDLNANNN L$I1IFIIIBINIIIZALWIWIBR
(3:‘1471%’3?5'8 &, b Acknowledgements, *=corresponding author)

1). Chungjatupornchai W* and Watcharawipas A (2015) Diacylglycerol acyltransferase type
2 cDNA from the oleaginous microalga Neochloris oleocabundans: cloning and functional
characterization. J Appl Phycol 27:1499-1507.

2). Chungjatupornchai W*, Kitraksa P and Fa-aroonsawat S. (2016) Stable nuclear
transformation of the oleaginous microalga Neochloris oleoabundans by electroporation.
J Appl Phycol 28:191-199.

3). Klaitong P, Fa-aroonsawat S and Chungjatupornchai W* (2017) Accelerated
triacylglycerol production and altered fatty acid composition in oleaginous microalga
Neochloris oleoabundans by overexpression of diacylglycerol acyltransferase 2. Microb
Cell Fact. 16: 61.

4). Chungjatupornchai W*, Areerat K and Fa-aroonsawat S (2019) Increased triacylglycerol
production in oleaginous microalga Neochloris olecabundans by overexpression of

plastidial lysophosphatidic acid acyltransferase. Microb Cell Fact. 18: 53.

swwazidsanslasuzaliiiwinens

1). LEUONAIILLUL Oral luha%d “Increased lipid production and altered lipid composition
in microalga Neochloris oleoabundans by overexpression of diacylglycerol
acyltransferase 2’ Iuﬂﬁﬂi:“gu’immiﬁim 11" International Phycological Congress
JeWINITUA 13-19 FIMnAN 2560 o 189 Szczecin Usainaluuaud
laadin3@NuW Congress abstract 1431381331115 Phycologia:

Chungjatupornchai W; Klaitong P and Fa-aroonsawat S. Increased lipid production and
altered lipid composition in microalga Neochloris oleoabundans by overexpression of
diacylglycerol acyltransferase 2. Phycologia (2017) 56 (4) supplement: 32-33.

2). Wudnenns lurada “Exploring microalgae as fuel” 114 Student Science Training
Program Year 2017 Jufl 4 nangiea 2560 4 sonui ingemaasluana
WRINBABURAR

3). Wudnenns lurada “Exploring microalgae as fuel” 14 Student Science Training
Program Year 2016 ufi 14 nIngau 2559 souiiineenaasluana

VAINLRLNTAAR



41

4). Wudnenns lurada “Exploring microalgae as fuel” 1% Student Science Training
Program Year 2015 Uil 25 dquiuw 2558 amu”u%'fmmmamﬂmaqa

WAINLRUURAR



NMANWIN

42



Chungjatupornchai, W., Institute of Molecular Biosciences, Mahidol University, Thailand,
wipa.chu@mahidol.ac.th; Klaitong, P., Institute of Molecular Biosciences, Mahidol
University, Thailand, paeka_p@hotmail.com; Fa-aroonsawat, S., Institute of Molecular
Biosciences, Mahidol University, Thailand, siriratfa@yahoo.com

INCREASED LIPID PRODUCTION AND ALTERED LIPID COMPOSITION IN
MICROALGA NEOCHLORIS OLEOABUNDANS BY OVEREXPRESSION OF
DIACYLGLYCEROL ACYLTRANSFERASE 2

Biodiesel production from microalgae is technically feasible, but not yet economically viable.
Increasing microalgal lipid triacylglycerol (TAG) content via genetic engineering could be a
potential approach to improve microalgae as an economically viable biodiesel feedstock.
Because genetic manipulation of microalgae requires the accessibility to stable nuclear
transformation, we have successfully developed a stable nuclear transformation system of the
oleaginous microalga Neochloris oleoabundans using electroporation. The cDNA encoding the
key enzyme of TAG biosynthesis pathway, diacylglycerol acyltransferase (NeoDGAT?2) of N.
oleoabundans, has been cloned and characterized. In this study, in order to increase TAG
accumulation, NeoDGAT?2 expression cassettes was transformed into N. oleoabundans. The
neutral lipid accumulation in the transformant detected by Nile red staining was accelerated
and 1.9-fold higher than in wild type; the lipid bodies in the transformant visualized under
fluorescence microscope were also larger. The NeoDGAT2 transcript was 2-fold higher in the
transformant than wild type. Remarkably higher TAG accumulation was found in the
transformant than wild type: TAG content increased 1.8- to 3.2-fold up to 46.1+1.6 % dry cell
weight and TAG productivity increased 1.6- to 4.3-fold up to 8.9£1.3 mg/L/day, depending on
cell culture condition. A significantly altered fatty acid composition was detected in the
transformant compared to wild type; the levels of saturated fatty acid C16:0 increased double
to 49%, whereas C18:0 was reduced triple to 6%. Long-term stability was observed in the
transformants continuously maintained in solid medium over 100 generations in a period of
about 4 years. The increasing TAG content in N. oleoabundans by overexpression of
NeoDGAT2 may offer the first step towards making microalgae an economically feasible
source for biodiesel production.
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Abstract Currently, biodiesel production from microalgae is
technically, but not yet economically, feasible. Increasing
microalgal triacylglycerol (TAG) content via genetic engi-
neering could be a potential approach to improve the efficien-
cy of biodiesel production. In all organisms studied so far,
diacylglycerol acyltransferase (DGAT) is the primary enzyme
of TAG biosynthesis. In this study, we cloned the cDNA
encoding DGAT type 2 (NeoDGAT2) from the oleaginous
microalga Neochloris oleoabundans. The open reading frame
of NeoDGAT2 cDNA was 978 bp encoding a protein of 325
amino acids. Although N. oleoabundans has been classified in
the class Chlorophyceae, NeoDGAT2 was closely related to
Treboxiophycean DGAT? as it shared 80 % amino acid iden-
tity with CvDGAT2-2 of Chlorella variabilis, but distantly
related to Chlorophycean DGAT?2 as it shared only 34 %
identity with CrDGAT2A (DGTT4) of Chlamydomonas
reinhardtii. As suggested by hydropathy analysis,
NeoDGAT?2 might contain 4 to 5 transmembrane domains.
We tested whether NeoDGAT2 cDNA encoded a protein with
DGAT activity by functional complementation assay in yeast
Saccharomyces cerevisiae mutant H1246. NeoDGAT2 was
able to compensate the endogenous DGAT?2 activity of mutant
H1246 and restore the lipid body formation and TAG synthe-
sis. The successful cloning of cDNA encoding a protein with
DGAT activity provides a candidate for genetic manipulation
in microalgae to increase TAG content for biodiesel
production.

Keywords Microalgae - Neochloris oleoabundans -
Biodiesel - Triacylglycerol biosynthesis - Diacylglycerol
acyltransferase (DGAT)
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Introduction

Biodiesel has been considered as an alternative biofuel that
can replace the petrodiesel. Commercial biodiesel is mainly
produced from higher plant lipids. Because microalgae have
much higher lipid and biomass productivity compared to
terrestrial plants, they are promising sources of lipid triacyl-
glycerol (TAG) for biodiesel production (Chisti 2007).
However, currently, biodiesel production from microalgae is
technically, but not yet economically, feasible. Increasing
TAG content of microalgae via genetic engineering could be
a potential approach to improve the efficiency of biodiesel
production. Therefore, we need to have a better understanding
of how TAG biosynthesis is controlled in microalgae. The
TAG biosynthesis pathway in microalgae is considered to be
most similar to that operating in higher plants (Chen and
Smith 2012). TAG can be synthesized by sequential transfer
of fatty acyl chains from acyl-CoA through the glycerol 3-
phosphate pathway, commonly known as the Kennedy path-
way (Kennedy and Weiss 1956). In this pathway, diacylglyc-
erol acyltransferase (DGAT; EC 2.3.1.20) catalyzing the final
and committed step has been identified as the rate-limiting
enzyme for lipid accumulation in plants (Jako et al. 2001;
Lung and Weselake 2006). In all organisms studied so far,
DGAT is thought to be the primary enzyme for de novo TAG
biosynthesis, while two other acyl-CoA independent TAG
synthases: phospholipid/diacylglycerol acyltransferase
(PDAT) and diacylglycerol transacylase (DGTA) play a sig-
nificant role in specialist aspects of TAG biosynthesis (Chen
and Smith 2012). Thus, DGAT could be the first candidate
gene for genetic manipulation of TAG biosynthesis in
microalgae. DGAT is composed of three isozymes: DGAT1
(Cases et al. 1998), DGAT2 (Lardizabal et al. 2001), and
DGAT?3 (Saha et al. 2006). Recently, most microalgae species
have been shown to have one DGAT! and multiple DGAT?2
genes (Chen and Smith 2012). Although putative DGAT of
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various microalgae have been identified (for further informa-
tion, see (Chen and Smith 2012)), so far, only DGAT from few
microalgae have been functionally characterized, i.e.,
Phaeodactylum tricornutum (Gong et al. 2013; Guiheneuf
et al. 2011), Ostreococcus tauri (Wagner et al. 2010), and
Chlamydomonas reinhardtii (Boyle et al. 2012; Miller et al.
2010; Msanne et al. 2012; Hung et al. 2013). However, the
DGAT from oleaginous microalgae, such as Neochloris
oleoabundans, is not defined.

Neochloris oleoabundans, a taxonomic synonym of
Ettlia oleoabundans (Deason et al. 1991), can accumulate
36-54 % lipids of its cell dry weight under nitrogen
starvation condition. Besides, 80 % of its total lipids is
TAG mainly comprised of the saturated fatty acids contain-
ing carbon around 16-20 atoms (Tornabene et al. 1983),
ideal for biodiesel production. The knowledge concerning
N. oleoabundans is very limited; no genomic sequences
and no report concerning the full-length coding sequences
of genes involved in TAG biosynthesis are available.
Recently, transcriptomic analysis of N. oleoabundans re-
veals that under nitrogen limitation, the expression of gene
encoding DGAT has relatively no change (Rismani-Yazdi
et al. 2012). Because N. oleoabundans can accumulate a
high amount of TAG, knowledge of DGAT gene from
N. oleoabundans would enable subsequent genetic manip-
ulation of the TAG biosynthesis.

In this study, we report the cloning and characterization of
the full-length ¢cDNA sequence of DGAT2 gene from
N. oleoabundans (NeoDGAT2). We tested whether
NeoDGAT?2 cDNA encoded a protein with DGAT activity by
functional complementation assay in yeast Saccharomyces
cerevisiae.

Materials and methods
Strains and growth conditions

Neochloris oleoabundans strain UTEX 1185, obtained
from the Algal Culture Collection at the University of
Texas at Austin, was grown in liquid BBM medium
(Bischoff and Bold 1963) at 30 °C under constant illumina-
tion of 40-54 pmol photons m > s '. Escherichia coli
DH5x was grown in LB broth or on agar (Sambrook
and Russell 2001) at 37 °C. Saccharomyces cerevisiae
neutral-lipid deficient quadruple mutant strain H1246
(Adgal Alrol Aarel Aare2) (Sandager et al. 2002)
and wild-type strain SCY62 (Sandager et al. 2002) were
grown in liquid or solid (2 % Conda agar) YPD medi-
um (Sambrook and Russell 2001) at 30 °C. Yeast
transformants were grown in SD-ura medium (Sambrook
and Russell 2001).

@ Springer

cDNA synthesis

To synthesize cDNA, total RNA was extracted from
N. oleoabundans grown in BBM broth (Bischoff and Bold
1963) for 15 days using TRI reagent (Molecular Research
Center, USA). The cDNA was prepared using total RNA as
template, oligo(dT),g primer, and RevertAid H Minus First
Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific,
Canada).

Cloning of NeoDGAT2 cDNA

To clone the full-length DGAT cDNA sequence of
N. oleoabundans (NeoDGAT), various reverse transcription
(RT)-PCR strategies were performed. Briefly, to identify
NeoDGAT?2 partial sequence, consensus degenerate hybrid
oligonucleotide primer (CODEHOP)-mediated PCR (Rose
et al. 1998) was performed using oligo(dT),g-primed cDNA
template with primers D2Ca-F1 and D2Db-R2 designed
based on two conserved blocks in the multiple sequence
alignment of DGAT2 proteins from closely related green
microalgae (data not shown). To identify 3’end of
NeoDGAT?2? cDNA sequence, 3'rapid amplification of cDNA
ends (3'RACE)-PCR was performed using oligo(dT);g-
primed cDNA template with primer sets: 3R-D2-F1 and Prt,
3R-D2-F2 and Pml for first and semi-nested PCR, respective-
ly. To identify 5'end of NeoDGAT2 cDNA sequence, 5'rapid
amplification of cDNA ends (5'RACE)-PCR was performed
using SR-D2-R3-primed cDNA containing 3'A-tailing as tem-
plate with primer sets: SR-D2-R1 and Prt, SR-D2-R2 and Pml
for first and semi-nested PCR, respectively. Primers 3R-D2-
F1, 3R-D2-F2, 5R-D2-R3, 5R-D2-R2, and 5R-D2-R1 were
designed based on the resulting NeoDGAT2 partial cDNA
sequence. To obtain full-length NeoDGAT2 cDNA sequence,
PCR was performed using oligo(dT);g-primed cDNA as tem-
plate with primers N-DGAT2-F1 and N-DGAT2-R1 designed
based on the assembled 5'end and 3'end partial NeoDGAT?2
sequence. The PCR products were inserted into pGEM-T
Easy plasmid (Promega, USA) and transformed into E. coli
DHS5«. The resulting plasmid was designated as pG-
NeoDGAT?2. DNA sequences of PCR products were deter-
mined by automated sequence analyzer. Primers used in this
study were shown in Table 1.

NeoDGAT2 cDNA sequence analysis

To analyze the NeoDGAT?2 cDNA sequence, various methods
were performed as follows. The NeoDGAT?2 deduced amino
acid sequence was aligned with other DGAT2 using
CLUSTALW multiple alignment program (Thompson et al.
1994). The phylogenetic tree of NeoDGAT2 was constructed
using the neighbor-joining method with MEGA 4 (Tamura
et al. 2007). The membrane topology of NeoDGAT2 was



J Appl Phycol (2015) 27:1499-1507

1501

Table 1 Primers used in this

study. The restriction sites Kpnl, Primer Sequence (5'-3") Target sequence

BamHI, and EcoRI are

underlined. The start and stop co- D2Ca-F1 CCGATCGTGCGACACCTGTGGWSGTGGHTGGG DGAT2

don are in bold. The yeast con- D2Db-R2 CG CCAGTAGCTGTACGCCCGGGAYTGNCCAA DGAT?

sensus sequence for enhanced Oligo(dT), TTTTTTTTTITTTTTTTT Poly A sequence

translation is in italics
Prt CCGGAATTCAAGCTTCTAGAGGATCCTTTTTTTTT Poly A sequence

TTTTTTT

Pml CCGGAATTCAAGCTTCTAGAGGATCC Adaptor sequence
3R-D2-F1 ATGGAGCGGGAGAGTGGCAGGG 3" end NeoDGAT2
3R-D2-F2 ACGCCACGGCTTTGTCAGGC 3" end NeoDGAT2
5R-D2-R1 CTCCCTGCCACTCTCCCGCTCC 5" end NeoDGAT?2
5R-D2-R2 CCACAGACCTGCCCTTCTTCAGC 5" end NeoDGAT?2
5R-D2-R3 GACAAAGCCGTGGCGTTTGCG 5" end NeoDGAT?2
N-DGAT2-F1 GGGGTACCCCACATAATGGCGGCTCAGCGCGGTTTCG 5" end NeoDGAT?2
N-DGAT2-R1 CGGGATCCCGTTAGTAGATGGTAAGACTGGCATGTGG 3" end NeoDGAT?2
N-DGAT2-F1B CGGGATCCACATAATGGCGGCTCAGCGCGGTTTCG 5" end NeoDGAT?2
N-DGAT2-R1E CGGAATTCTTAGTAGATGGTAAGACTGGCATGTGG 3" end NeoDGAT?2

N-DGAT2-R1-6HE

CGGAATTCTTAATGGTGATGGTGATGATG/GTAGAT
GGTAAG ACTGGCATGTGG

6 His/ 3" end
NeoDGAT?2

predicted using five common topological softwares:
HMMTOP v2.0 [http://www.enzim.hu/hmmtop/index.php]
(Tusnady and Simon 2001), TMHMM v2.0 [http://www.cbs.
dtu.dk/servicess TMHMM/] (Krogh et al. 2001), TopPred 2
[http://www.sbc.su.se/~erikw/toppred2/] (von Heijne 1992),
TMpred [http://www.ch.embnet.org/software/TMPRED _
form.html] (Hofmann and Stoffel 1993), and SOSUI [http://
bp.nuap.nagoya-u.ac.jp/sosui/] (Hirokawa et al. 1998).
Hydropathy analysis of NeoDGAT2 was performed using
Kyte-Doolittle algorithm (Kyte and Doolittle 1982).

Construction of plasmids harboring NeoDGAT cDNA
for expression in S. cerevisiae

To construct plasmids for expression of NeoDGAT cDNA
in yeast, the PCR products containing full-length
NeoDGAT2 cDNA without and with six histidine resi-
dues at the C-terminus were amplified using pG-
NeoDGAT2 as template with primer sets: N-DGAT2-
F1B and N-DGAT2-R1E, N-DGAT2-FIB and N-
DGAT2-R1-6HE, respectively. The resulting BamHI/
EcoRI-digested PCR products were inserted into the cor-
responding sites of yeast expression vector pYES2
(Invitrogen, USA) to obtain plasmids pY-NeoDGAT2
and pY-NeoDGAT2H, respectively. The plasmids were
transformed into S. cerevisiae wild-type strain SCY62
and mutant strain H1246 as described (Invitrogen,
USA). The expression of NeoDGAT2 cDNA in yeast
was induced by supplementing galactose to 2 % (w/v).

Nile red fluorescence assay and microscopy

To estimate the level of neutral lipids, Nile red fluorescence
assay was carried out essentially as described (Siloto et al.
2009). In brief, after induction with galactose, S. cerevisiae
cells were suspended in phosphate buffer saline (ODgyy=0.4)
and stained with Nile red at final concentration of 0.04 mg/
mL. The cells were incubated in the dark for 5 min. The
fluorescence intensity was measured in a 96-well plate using
a spectrofluorometer (Beckman Coulter DTX-880, USA) with
excitation at 485 nm and emission at 535 nm. Specific fluo-
rescence intensities were normalized by the optical density
measured at 600 nm. The lipid bodies in the cells stained with
Nile red were visualized under inverted fluorescence micro-
scope (Nikon Eclipse Ti-S, Japan) with excitation at 420—
490 nm and emission at 520 nm.

Lipid extraction and analysis

Total lipids were extracted from yeast cells according to a
modified version of Bligh and Dyer method (Bligh and Dyer
1959). The yeast cells suspended in methanol:chloroform (2:1
v/v) were lysed using 0.5 mm glass beads with vortexing. The
cell lysate was obtained by centrifugation. Total lipid was
extracted from cell lysate using 50 mM citric acid:chloroform
(2:3v/v), and chloroform was evaporated using N, gas. The
total lipid was kept at —20 °C until use. To separate lipid
classes by thin-layer chromatography (TLC), the total lipid
was dissolved in chloroform and applied to Silica gel 60 F;s4
(Merck, USA). Chromatogram was developed in
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hexane:diethyl ether:glacial acetic acid (70:30:1v/v/v). The
separated lipid classes were visualized under UV 254 nm.

Results and discussion

Predicted sequence features and phylogenetic position
of NeoDGAT2

The full-length NeoDGAT2 cDNA was successfully cloned
using various RT-PCR strategies (see “Materials and methods”).
The open reading frame of NeoDGAT2 cDNA was 978 bp
encoding a protein of 325 amino acids, NeoDGAT2. The se-
quence data have been submitted to GenBank database under
accession number KJ470774. Comparison of NeoDGAT?2 with
other DGAT2 from related green microalgae revealed that
NeoDGAT?2 contained all the six highly conserved motifs that
were identified as signature motifs within the DGAT?2 subfamily
(Cao 2011): motif 1, PH block; motif 2, PR block; motif 3, GGE
block; motif 4, RGFA block; motif 5, VPFG block; and motif 6,
G block (Fig. 1a). Therefore, the results indicated that indeed the
DGAT of N. oleoabundans in this study was a member of
DGAT2 family. NeoDGAT2 was closely related to
Treboxiophycean DGAT? as it shared 80 and 52 % amino acid
identity with CvDGAT2-2 and CvDGAT2-1 of Chlorella
variabilis, respectively. However, NeoDGAT2 was quite
distantly related to Chlorophycean DGAT2 as it shared
only 34 % identity with CrDGAT2A (DGTT4) of
C. reinhardtii and 31 % identity with VcDGAT2A of
Volvox cateri. In a phylogenetic tree, NeoDGAT2 was
grouped in the same clade as CvDGAT2 (Fig. 1b), sug-
gesting that NeoDGAT?2 possessed the closest evolution-
ary relationship with CvDGAT2. However, N. oleoabundans
has been classified to class Chlorophyceae based on uninu-
cleate cell morphology (Komarek 1989). Classification of
N. oleoabundans remains to be verified by 18S and 28S
rDNA sequence analyses.

Majority of microalgae species have been shown to have at
least one DGAT1 and multiple DGAT2 genes (Chen and Smith
2012), whether this observation holds true for
N. oleoabundans remains to be investigated. The DGAT tran-
script of N. oleoabundans is no change under nitrogen limi-
tation (Rismani-Yazdi et al. 2012). However, the DGAT tran-
scripts of C. reinhardtii are expressed differently; transcripts
of DGAT2A (DGTT4), DGAT2B (DGTTI), and DGAT2D
(DGTT3) are increased by nitrogen starvation, whereas, that
of DGAT2E (DGTT?) is constitutively expressed (Boyle et al.
2012; Msanne et al. 2012).

The membrane topology of NeoDGAT2 was predicted
using five common topological softwares: HMMTOP v2.0
(Tusnady and Simon 2001), TMHMM v2.0 (Krogh et al.
2001), TopPred 2 (von Heijne 1992), TMpred (Hofmann
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Fig. 1 Comparison of NeoDGAT2 with other DGAT2 from green P>
microalgae. a Sequence alignment of NeoDGAT2. The amino acid
sequences were aligned using ClustalW algorithm. The conserved
motifs 1, 2, 3, 4, 5, and 6 are indicated. The highly conserved residues
in the motif are indicated by asterisks. b The phylogram of NeoDGAT?2.
The phylogenetic tree was constructed by neighbor-joining method with
MEGA 4. NeoDGAT2 (N. oleoabundans, GenBank: KJ470774),
CvDGAT2-1 (Chlorella variabilis, GenBank: EFN51306), CvDGAT2-2
(C. variabilis, GenBank: EFN52435), CrDGAT2A (DGTT4)
(Chlamydomonas reinhardtii, GenBank: XP001693189), VcDGAT2A
(Volvox carteri, GenBank: XP002957707), OtDGAT2A (Ostreococcus
tauri, GenBank: CAL54993), OtDGAT2B (O. tauri, GenBank:
CAL58088), OtDGAT2C (O. tauri, GenBank: CAL56438),
OIDGAT2A (Ostreococcus lucimarinus, GenBank: XP001419156),
OIDGAT2B (O. lucimarinus, GenBank: XP001421576), and
OIDGAT2C (O. lucimarinus, GenBank: XP001421075)

and Stoffel 1993), and SOSUI (Hirokawa et al. 1998). All
the five algorithms indicated that NeoDGAT?2 resided in the
endoplasmic reticulum (ER) membrane with the N-terminus
oriented toward the cytosolic side (data not shown). The
NeoDGAT?2 N-terminus lacked the ER signal peptide as ana-
lyzed by SignalP 4.1 server (Petersen et al. 2011) (data not
shown), suggesting that other segments may play a role in ER
membrane association. The exact working location of
NeoDGAT2 remains to be verified experimentally.
NeoDGAT?2 might contain 4 to 5 transmembrane domains as
predicted by hydropathy analysis (Fig. 2). Similar results have
been reported that the DGAT?2 of S. cerevisiae, murine, and
tung contains 4, 2, and 2 transmembrane domains, respective-
ly, with the N- and C-termini residing in the cytosolic
side (Liu et al. 2011; Shockey et al. 2006; Stone et al. 2006).

Functional analysis of NeoDGAT?2 in 8. cerevisiae mutant
H1246

Because majority of microalgal species have been shown to
have multiple DGAT2 genes (Chen and Smith 2012) which
may or may not encode the functional protein for TAG bio-
synthesis (Gong et al. 2013; Hung et al. 2013), it is necessary
to verify whether NeoDGAT2 cDNA encoded a protein with
DGAT activity. The biological function of NeoDGAT2 was
determined using heterologous complementation assay in
S. cerevisiae mutant H1246 devoid of TAG and lacking lipid
bodies (Sandager et al. 2002). The complementation assay in
mutant H1246 has been successfully used to detect the bio-
logical function of microalgal DGAT, i. e., OtDGAT2 from
O. tauri (Wagner et al. 2010), PtDGATI from P. tricornutum
(Guiheneuf et al. 2011), and PtDGAT2B from P. tricornutum
(Gong et al. 2013).

To express NeoDGAT2 cDNA in yeast, plasmids pY-
NeoDGAT2 and pY-NeoDGAT2H containing DGAT?2
cDNA without and with His at the C-terminal, respectively,
were transformed into mutant H1246. Mutant H1246 and
wild-type SCY62 harboring vector pYES2 were used as
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a 80
NeoDGAT2 MAAQRGFAHRLAVFFTLSTWIFGLIAVSLWWVVDLLLLPRPIAFAGLATKVFLLA
CVvDGAT2-2 MWIFGLIAVSLWWIQDLLLLPRPIAFVGLAIKLVALA
CVDGAT2-1 (1) === s e e e e e
CrDGAT2A (1) ==—ecccccccccccccca=s MPLAKLRNVVLEYAAIAIYVSAIYTSVVLLPSALALFYLFGATSPSAI TF
VcDGAT2A (1) =—===mmmmmmmm MPVQAMLYKLCDAVLEFIAVGIYVSAIYATALLLPAILTAFAVLGPSNTVPWVA! LAFCTF
O1DGAT2A (1) -- ~MGSNAQRGALWREHRAVEAAT IAAMRARGVRDVPWSSAKRMLAVLCVSAIYTSWILSPVVSAVAVILIPSLR
OtDGAT2A (1) MRTSSGAGGTRARRHCATTDVARSFDAVRREMREARGIADVPWSSLKRLLGVSCVSAIYTSWILSPVMSALAVWRYEWLR
OlDGAT2B MFAWLGLIHVDVAVTALAVWTLPSAMAVT. LVAAAA
OtDGAT2B 'MSRSIVDHGVLLVWLGLFHALVVVVVVAI LSV
O1DGAT2C (1) ======ceccccccccccccccccccccc e oo - - MIYAWILSAIFVYPAYCVFGPSMWLKNFFLGYI ATLDR
OtDGAT2C (1) ==~ecccccccccccccccccccccccccccccccanaa) MIYAFLLSAIFIYPTYCVFGHATWMRNAFLGYIGWYVLLDR
Consensus A
the PH block
x 160
NeoDGAT2 (56) PPPTFVRRFLRFSMVARYEXYEFPVKVVWEGE--GDDYDNG------~-~-~ ICIFCQYAT
CvDGAT2-2 (38) TLPPPAPIRRFLRFSMVARGEXFRVKIVWEGD--ADDYSKG--------~  ICIFCRYAS
CvDGAT2-1 (1) ---- DYEFPMTIEFEDK--DAFKEDR---~-=-=---~ SCMFTTYAQ
CrDGAT2A (60) TTGALSERFVQF: IALPIAFATTS
VcDGAT2A (64) VTGTLSERFVQF: PTVFSTNS
O1DGAT2A (73) AYVGCYLFASYALGVRVPMNGL 'GNIVLSD
OtDGAT2A (81) AYVACYLFASY. 'GNVVLSG
O1DGAT2B (40) IBRTVATPRWGARLARAVTR' SVISFAEYFM
OtDGAT2B (50) R-PRWGVTLARAITR' S SVIAFADYFM
O1DGAT2C (42) KTASSGKRFARWSRRLPFWRILAE) TFATEA
OtDGAT2C (42) RSDSSGTRFVAWSRRLPFWRILADNFPVRLYKSGE---LDPKGN----===== FATEA
Consensus (81) PL L v M A YFP RL ED E AYLFGY PHGVLPVGIII
Motif 2: the PR block Motif 3: the GGE block
—
NeoDGAT2 (122)
CvDGAT2-2 (104)
CvDGAT2-1 (44)
CrDGAT2A (126)
VeDGAT2A  (130)
OlDGAT2A (153)
OtDGAT2A (157)
OlDGAT2B (110)
OtDGAT2B (119)
O1DGAT2C (106)
OtDGAT2C (106) A P R RP
Consensus (161) TR L SSV F PIVR LW WI.GI PVTIR M LLRGTA VIVPGGVE L M G
Motif 4: the RGFA block Motif 5: the VPFG block
— —
NeoDGAT2 (191) RLALOA E ] PRAQWTST
CvDGAT2-2 (151) A RAQWGS
CvDGAT2-1 (113) H ) R RAGAPVVPVEARGOTP - -HY - -~ ———————-——=============
CrDGAT2A (194) R
VcDGAT2A  (198) R A SSWLVSRIS FGA
OLDGAT2A  (223) T E IRRRLSYKMPPRSLGIVH‘RII
OtDGAT2A (227) E AGT; E LRKRLSYKFVFPFRSLGIIHRW
OlDGAT2B (186) RK K A S KFVADWIGKTFSFABRII
OtDGAT2B (195) A A AYKYW-—-—————— TSVANWESKTFSE.
O1DGAT2C (177) ARRK R E E GITPPAFY( LSRGMWRRIFGR
OtDGAT2C (177) ARRK GISPPAFY( LSRGVWRRIFGR
Consensus (241) LYLK R GFVKLALQ GAPLVPVFAFGQT Y Y PLV YR F PM VWG W
NeoDGAT2 (263) ] ] P E ) R REFAE -~EAASHPHASETIY-
CvDGAT2-2 (209) R iR PVER AEMEREFRE
CvDGAT2-1 (165)
CrDGAT2A (262)
VcDGAT2A  (266)
OlDGAT2A (289)
OtDGAT2A  (293)
OlDGAT2B (254)
OtDGAT2B (263)
O1lDGAT2C (257)
OtDGAT2C (257)
Consensus (321)
b 100 [NeoDGAT2]
100 CVDGAT2-2
80 CVDGAT2-1
,——GDGAT?A
100 L VCcDGAT2A
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10— OtDGAT2B
I——OIDGATZC
10— otbGAT2C
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negative and positive controls, respectively. Neutral lipids
accumulated in the yeast cells were stained with a fluorescent
dye, Nile red. Nile red fluorescence assay has been shown to
provide a good estimate of TAG accumulation in mutant
H1246 expressing a functional heterologous DGAT. Besides,
the changes in Nile red fluorescence intensity correlate well
with DGAT activity quantified by a standard in vitro radioac-
tive assay (Siloto et al. 2009).

Nile red fluorescence assay was performed to determine the
optimal induction time of NeoDGAT2 cDNA expression in
yeast. In Fig. 3, the fluorescence intensities of the mutant
H1246 harboring pY-NeoDGAT?2 increased from day 1 to
reach the maximum at day 4 then decreased at day 5; the
fluorescence intensities were higher than those of the corre-
sponding negative control. The fluorescence intensities of
positive control from days 1 to 4 were not significantly dif-
ferent then slightly decreased at day 5. Whereas, the fluores-
cence intensities of negative control from days 1 to 3 were not
significantly different, they drastically decreased at days 4 and
5. The results indicated that NeoDGAT?2 was able to comple-
ment TAG deficient phenotype of mutant H1246, leading to
long-term survival in stationary phase, in good agreement
with previous report (Sandager et al. 2002). The optimal
induction time for fluorescence intensity was at day 4.
Therefore, further Nile red fluorescence assay was performed
using cells with 4-day induction.

To investigate the effect of His tag at the C-terminal of
NeoDGAT?2, Nile red fluorescence intensities of yeast cells
were compared. Fluorescence intensity of mutant H1246 har-
boring pY-NeoDGAT2H was about 2- and 4-folds lower than
that of pY-NeoDGAT?2 and positive control, respectively. The
fluorescence intensity of negative control was barely detect-
able (Fig. 4). The results indicated that C-terminal His tag
intended to facilitate the detection of NeoDGAT?2 caused the

-1 V1 A P

Hydropathy score

-2k

-3 b

50 100 150 200 250 300
Aminoacid
Fig. 2 Hydropathy plot of NeoDGAT2. Hydropathy analysis of
NeoDGAT?2 was performed using Kyte-Doolittle algorithm. The predict-
ed transmembrane domains are indicated as bars
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Fig. 3 Nile red fluorescence assay of S. cerevisiae at various induction
time courses. Cultures of mutant H1246 harboring plasmid pY-
NeoDGAT? induced with galactose were harvested each day and stained
with Nile red. The fluorescence intensities were measured using a spec-
trofluorometer. The mutant H1246 and wild-type SCY62 harboring the
vector pYES2 were used as negative and positive controls, respectively.
Each value and error bar represents the means of three independent
experiments and its standard deviation

reduction of NeoDGAT?2 activity. Therefore, we did not fur-
ther perform Western Blot analysis. Similar results have been
reported that V5 epitope tagged at the C-terminus of
S. cerevisiae DGAT2 causes the reduction of activity (Liu

et al. 2011).
A B Cc D

Fig. 4 Nile red fluorescence assay of mutant H1246 expressing
NeoDGAT2. The cultures induced with galactose for 4 days were har-
vested and stained with Nile red. The fluorescence intensities were
measured using a spectrofluorometer. Lanes a mutant H1246 harboring
vector pYES2 (used as negative control), b harboring pY-NeoDGAT?2, ¢
harboring pY-NeoDGAT2H, and d wild-type SCY62 harboring pYES2
(used as positive control). Each value and error bar represents the means
of three independent experiments and its standard deviation
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Lipid body formation in mutant H1246 expressing
NeoDGAT?2

Because lipid bodies in mutant H1246 can be used as an
indicator for TAG formation (Sandager et al. 2002), we deter-
mined whether NeoDGAT?2 could restore the lipid bodies by
visualizing the cells stained with Nile red under fluorescence
microscope. Significant accumulation of lipid body formation
was detected in mutant H1246 harboring pY-NeoDGAT?2 and
pY-NeoDGAT2H as well as positive control, but as expected,
not detected in negative control (Fig. 5). The results indicated
that NeoDGAT2 and NeoDGAT2-His restored lipid body
formation and TAG synthesis in mutant H1246.

TAG accumulation in mutant H1246 expressing NeoDGAT?2

We verified whether TAG was restored in mutant H1246
expressing NeoDGAT?2 by performing TLC using wild-type
SCY62 with well-characterized lipid composition (Sandager
et al. 2002) as positive control. The TAG of mutant H1246
harboring pY-NeoDGAT2 and pY-NeoDGAT2H was

10 pm

Fig. 5 Lipid body formation in mutant H1246 expressing NeoDGAT?2.
The cultures induced with galactose for 4 days were harvested and stained
with Nile red. The lipid bodies in the cells were visualized under a bright
field microscope (left panel) and fluorescence microscope (right panel).
Mutant H1246 a harboring vector pYES?2 (used as negative control), b
harboring pY-NeoDGAT?2, ¢ harboring pY-NeoDGAT2H, and d wild-
type SCY62 harboring vector pYES2 (used as positive control)

A B cC D

Fig. 6 TAG accumulation in mutant H1246 expressing NeoDGAT?2.
Total lipids extracted from the yeast cells were separated using TLC
(8 puL in lanes a, b, and ¢; 3 pL in lane d). Lanes a total lipids from
mutant H1246 harboring vector pYES2 (used as negative control), b
harboring pY-NeoDGAT2, ¢ harboring pY-NeoDGAT2H, and d from
wild-type SCY62 harboring vector pYES2 (used as positive control).
The TAG, FFA (free fatty acid), and ST (sterols) including DAG
(diacylglycerol) are indicated

noticeably detected, although their TAG levels were not sig-
nificantly different (Fig. 6). The restored TAG accumulation
in mutant H1246 was much lower than that in positive control,
in good agreement with previous observation (Sandager et al.
2002). The background TAG was barely detected in negative
control and might be nonenzymatically produced as reported
previously (Sandager et al. 2002; Stobart et al. 1997). The
results confirmed that the lipid synthesized by the activity of
NeoDGAT?2 was TAG.

Taken together, results from Nile red fluorescence assay
(Fig. 4), fluorescence microscopy (Fig. 5), and TLC (Fig. 6)
indicated that NeoDGAT?2 was able to compensate the activity
of the endogenous yeast DGAT?2 and participate in yeast lipid
metabolism. Therefore, NeoDGAT2 possesses the DGAT
activity in vivo.

TAG biosynthesis in microalgae is believed to occur mainly
through the Kennedy pathway. An alternative route known as
acyl-CoA independent mechanism might take place in some
microalgae since the homologues of gene encoding for PDAT
have been found in Dunaliella tertiolecta transcriptome
(Rismani-Yazdi et al. 2011). However, such homologues have
not been discovered in N. oleoabundans transcriptome
(Rismani-Yazdi et al. 2012), making it unclear whether PDAT
contributes to TAG biosynthesis in N. oleoabundans. More
work needs to be done to identify and characterize genes along
TAG biosynthesis pathways as well as the regulatory controls
operating on the pathway, if progress is to be made on geneti-
cally engineering microalgae to increased biodiesel production.

Conclusions

We successfully cloned the NeoDGAT2 cDNA from
N. oleoabundans. Although N. oleoabundans has been
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classified to class Chlorophycea, NeoDGAT2 had a closer
evolutionary relationship with DGAT2 of Treboxiophycea
than that of Chlorophycea. NeoDGAT?2 was able to compen-
sate the endogenous DGAT?2 activity of yeast and restore the
lipid body formation and TAG synthesis. This work also
contributes to a growing understanding of DGAT in
microalgal TAG biosynthesis. NeoDGAT?2, likely to be the
primary enzyme for TAG biosynthesis, would be a candidate
for genetic manipulation in microalgae to increase TAG con-
tent for biodiesel production in our next trial.
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Abstract Biodiesel from microalgae is technically feasible,
but not yet economically viable. A potential approach to im-
prove microalgae as an economically viable biodiesel feed-
stock is to increase microalgal lipid content via genetic engi-
neering. Genetic manipulation of microalgae requires the ac-
cessibility to stable nuclear transformation. In this study, we
describe a strategy for developing a stable nuclear transforma-
tion system of the oleaginous microalga Neochloris
oleoabundans using electroporation. The hygromycin B-
resistant gene Hyg3, which was used as a positively selectable
marker, consisted of aph7” gene encoding aminoglycoside
phosphotransferase of Streptomyces hygroscopicus and intronl
of Chlamydomonas reinhardtii rbcS2 gene, under the control
of C. reinhardtii HSP70A-RBCS?2 hybrid promoter. The trans-
formation frequency was 5.2x 10~ transformants mg ' DNA.
The transformants showed stable hygromycin B-resistant phe-
notype for at least 6 months in the absence of the antibiotic
selection. Co-transformation frequency of unselectable green
fluorescent protein gene (Gfp) adapted to C. reinhardtii codon
usage (ChGfp) and selectable Hyg3 gene was 2.6x
10™* transformants mg ' DNA; up to 90 % of the transformants
exhibited green fluorescent protein (GFP) activity. The ChGfp
and Hyg3 gene were integrated into the nuclear genome of
N. oleoabundans. The GFP fluorescence signal of the
transformants under confocal laser scanning microscope was
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visible. The successful stable nuclear transformation system not
only provides a basis for molecular genetics study, but also
enables subsequent genetic engineering in the microalga to
increase lipid content for biodiesel production. The strategy
for developing the stable nuclear transformation system pre-
sented in this study may be applicable to other microalgal spe-
cies without sequenced genome.

Keywords Microalgae - Neochloris oleoabundans - Ettlia
oleoabundans - Nuclear transformation - Electroporation -
Green fluorescent protein (GFP) - Biodiesel

Introduction

Biodiesel from microalgae has received much attention in
recent years because microalgae have much higher lipid and
biomass productivity than oleaginous crops used as feedstock
for biodiesel production (Chisti 2007). However, at present,
microalgal biodiesel production is technically feasible, but not
yet economically viable. Improving microalgae as an econom-
ically viable biodiesel feedstock could be achieved by using
biotechnological approaches including increasing microalgal
lipid content via genetic engineering.

Genetic engineering and genetic manipulation of
microalgae require the accessibility to stable nuclear transfor-
mation. So far, stable nuclear transformation system have been
successfully established in a limited number of microalgal
species; for example, in green microalgae (Chlorophyta):
Chlamydomonas, Dunaliella, Haematococcus, and
Chlorella, and in heterokont microalgae: Phaeodactylum and
Nannochloropsis (for review, see Radakovits et al. 2010).
Stable nuclear transformation of some microalgal species
has been achieved by exposing cell walls to high-intensity
electrical field pulses or electroporation (for review, see Qin

@ Springer


http://dx.doi.org/10.1007/s10811-015-0594-5

192

J Appl Phycol (2016) 28:191-199

et al. 2012; Coll 2006). Transformant isolation is greatly fa-
cilitated by the use of selectable markers including antibiotic
resistance. Antibiotic hygromycin B-resistant gene aph7”,
encoding aminoglycoside phosphotransferase of
Streptomyces hygroscopicus, has been successfully used in
Chlamydomonas reinhardtii as a selectable marker (Berthold
etal. 2002). The promoter choice for driving the expression of
heterologous genes has been explored, for example, 32-
tubulin (62-Tub) promoter of C. reinhardtii (Brunke et al.
1984) has been used to control the expression of aph7” se-
lectable marker gene (Berthold et al. 2002). The HSP70A-
RBCS2 (AR) hybrid promoter of C. reinhardtii (Schroda
et al. 2000) has been used to drive nuclear gene expression
in closely related green microalgae, i.e., Volvox carteri
(Hallmann and Wodniok 2006) and Gonium pectorale
(Lerche and Hallmann 2009). The 35S promoter of cauliflow-
er mosaic virus (CaMV35S) (Odell et al. 1985) has been
shown to function in microalgae such as Dunaliella salina
(Tan et al. 2005) and Chlorella vulgaris (Chow and Tung
1999). The promoter activities can be analyzed using a report-
er, green fluorescent protein (GFP). The Gfp gene under con-
trol of heterologous promoter is often poorly expressed
(Fuhrmann et al. 1999). The difficulties of Gfp gene expres-
sion have been overcome by adaptation of Gfp to the nuclear
codon usage of heterologous hosts, for example ChGfp gene
adapted to C. reinhardtii codon usage (Fuhrmann et al. 1999)
and AcGfp gene adapted to human codon usage (Gurskaya
etal. 2003). However, no stable nuclear transformation system
has been reported in green microalga Neochloris
oleoabundans.

Neochloris oleoabundans, a taxonomic synonym of Ettlia
oleoabundans (Deason et al. 1991), is a promising source of
lipids for biodiesel production, because under nitrogen
starvation condition, it produces lipids 3654 % of its cell
dry weight. Up to 80 % of its total lipids is triacylglycerol
(TAG) mainly comprised of the saturated fatty acids con-
taining carbon around 16-20 atoms (Tornabene et al.
1983), ideal for biodiesel production. The knowledge
concerning N. oleoabundans is very limited; no genomic
sequences and no report concerning molecular genetics
tools are available. To enable genetic manipulation of
TAG biosynthesis and molecular genetics study, we need
to develop a stable nuclear transformation system of
N. oleoabundans.

In this study, we describe a strategy for developing a stable
nuclear transformation system of N. oleoabundans. We tested
whether the Gfp reporter gene variants, the heterologous pro-
moters, and the aph7” selectable marker gene variants could
function in N. oleoabundans. Electroporation parameters that
induce uptake of the functional heterologous genes into
N. oleoabundans are defined. We report an application of
our system; the ChGfp gene was integrated into the nuclear
genome and expressed in N. oleoabundans.

@ Springer

Materials and methods

Strain and growth conditions Neochloris oleoabundans
strain UTEX 1185, obtained from the Algal Culture
Collection at the University of Texas, was grown in liquid or
in solid (1.5 % Difco Bacto agar) Bold’s basal medium (BBM)
(Bischoffand Bold 1963) at 30 °C under constant illumination
0f 40-55 pmol photons m 2s ™. The antibiotic hygromycin B
(HygB) was added at 5 ug mL ™' when required.

Plasmid construction Plasmids used for electroporation are
shown in Fig. 1. To evaluate the efficiency of Gfp gene vari-
ants, plasmids pAR-AcGFP and pAR-ChGFP were construct-
ed by replacing the HSP70B gene of plasmid pCB740
(Schroda et al. 2000) with AcGfp gene from pAcGFP1-N1
(Clontech, USA) and ChGfp gene from pCrGFP (Fuhrmann
et al. 1999), respectively, including the 3°UTR of 3’rbcS2
from pCrGFP (Fuhrmann et al. 1999). To determine the het-
erologous promoter activities, plasmids pf32-ChGFP and
p35S-ChGFP were constructed by replacing the AR promoter
of pAR-ChGFP with 32-Tub promoter from pHyg3 (Berthold
et al. 2002) and CaMV35S promoter from pKG-35S
(Chungjatupornchai et al. 1999), respectively. To investigate
the efficiency of Aph7” gene variants, Aph7” including intron
1 (Hyg3) and Aph7" intronless (Hyg4), plasmids pAR-Hyg3
and pAR-Hyg4 were constructed by replacing the HSP70B
gene of plasmid pCB740 (Schroda et al. 2000) with Hyg3-
3’rbeS2 from pHyg3 (Berthold et al. 2002) and Hyg4-
3’rbcS2 from pHyg4 (Berthold et al. 2002), respectively.
Plasmid pChGFP-Hyg3 was constructed by replacing the
HindIII/Kpnl fragment of pAR-Hyg3 with AR-ChGfp-
3’rbcS2 from pAR-ChGFP. Details of plasmid construction
and primers are given in supplement S1 and Table S1,
respectively.

Transformation by electroporation Plasmid DNA was ex-
tracted from Escherichia coli and purified using Qiagen
Plasmid Midi Kit (Qiagen, Germany). Transformation by
electroporation was carried out using a modified protocol
(Brown et al. 1991) as follows. N. oleoabundans cells at the
logarithmic phase (OD75, 0.4-0.5) were harvested by centri-
fugation at 1000xg for 5 min and resuspended in BBM medi-
um to approximately 3x 10" cells mL™". The cell suspension
of 500 uL including 5 pg of plasmid DNA (concentration at
1 pug uL ") was transferred into a disposable electroporation
cuvette with a 4-mm gap (Bio-Rad Labs., USA). The cell
suspension without plasmid DNA was used as negative con-
trol. The cells were electroporated using a Gene Pulser (Bio-
Rad Labs.) set resistance at 200€2, capacitance at 25 uF, elec-
tric field strength at 1000 V ecm ™ (unless otherwise indicated),
and one time of pulse then incubated on ice for 5 min. The cell
suspension was transferred to a new tube and incubated on ice
for at least 5 min. The electroporated cells harvested by
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Fig. 1 Schematic diagram of plasmids used for electroporation in
N. oleoabundans. AR, HSP704/RBCS2 hybrid promoter of
C. reinhardtii (Schroda et al. 2000); 52-Tub, [32-tubulin promoter of
C. reinhardtii (Brunke et al. 1984); CaMV'35S, 35S promoter of
cauliflower mosaic virus (Odell et al. 1985); AcGfp, Gfp gene adapted
to human codon usage (Gurskaya et al. 2003); ChGfp, Gfp gene adapted
to C. reinhardtii codon usage (Fuhrmann et al. 1999); Hyg3 and Hyg4,
Streptomyces hygroscopicus aminoglycoside phosphotransferase gene

centrifugation were resuspended in 3 mL of BBM medium for
GFP transient expression and in 400 puL. of BBM medium for
stable nuclear transformation. After the first heat induction at
42 °C for 40 min under illumination at 15—
20 pmol photons m s~ ', the cells were cultured in an orbital
shaker at 150 rpm and 30 °C under continuous illumination
for 1 day. Then the second heat induction was performed by
incubation at 42 °C for 20 min under illumination. The heat
induction treatments were performed in cells electroporated with
plasmids harboring heat-inducible 4R promoter but were omit-
ted in cells electroporated with p32-ChGFP and p35S-ChGFP.
For GFP transient expression, the total treated cells were used
directly for GFP activity assay. For stable nuclear transforma-
tion, 200 pL of the treated cells was spread on a BBM agar plate
containing HygB at 5 pg mL ™" and incubated at 28 °C under
continuous light of 25-35 pmol photons m 2 s~ Transformants
appeared after incubation for 2 weeks.

Genomic PCR analysis The heterologous genes integrated in-
to the nuclear genome of N. oleoabundans were verified using
genomic PCR. The genomic DNA of N. oleoabundans was
isolated as described (Draper and Scott 1998). To detect the
Hyg3 gene, the 806-bp PCR product was amplified using
primers aph7-F3 and aph7-R2. To detect the genes Hyg3 and
Hyg4, the 722-bp PCR product was amplified using primers
aph7-F4 and aph7-R3. The 302-bp PCR product containing
ChGfp gene was amplified using primers ChGFP-F3 and

:

(aph 7”) with intron 1 (Inl) and intronless, respectively (Berthold et al.
2002); 3’rbeS2, 3’ untranslated region of the C. reinhardtii ribulose
bisphosphate carboxylase small subunit gene (Fuhrmann et al. 1999);
Nos-ter, termination sequence of the nopaline synthase gene (Jefferson
et al. 1987). Locations of 302-bp, 806-bp, and 722-bp PCR products
amplified using primer sets: ChGFP-F3 and ChGFP-R3; aph7-F3 and
aph7-R2; aph7-F4 and aph7-R3, respectively, are indicated. The figure
is not drawn to scale

ChGFP-R3. Locations of the PCR products are indicated in
Fig. 1. Details of primers are given in supplement Table S1.

GFP activity assay and microscopy The GFP fluorescence
intensity of transformed cells was measured in a 96-well plate
using a spectrofluorometer (Beckman coulter, DTX880) with
excitation at 485/20 nm and emission at 535 nm. Specific
fluorescence intensities were normalized by the optical densi-
ty measured at 750 nm. The images of GFP fluorescence
signal in the transformants were obtained using a confocal
laser scanning microscope (CLSM) (Fluoview FV1000,
Olympus) with excitation at 488 nm and emission at
507 nm. The chlorophyll autofluorescence was detected using
excitation at 652 nm and emission at 668 nm.

Results and discussion

The important prerequisites for developing a stable nuclear
transformation system of N. oleoabundans are the availabili-
ties of (i) an appropriate selectable marker gene, (ii) a func-
tional promoter that can drive the expression of the selectable
marker gene, and (iii) a reporter that can be used to evaluate
the function of the selected promoters. Because knowledge
concerning N. oleoabundans is very limited, we utilized se-
lectable marker genes, promoters, and reporter genes that have
been shown to function in the related microalga C. reinhardtii
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Fig. 2 Development of stable nuclear transformation system in P

N. oleoabundans. a The GFP activity in transient expression. Plasmid
PAR-AcGFP and pAR-ChGFP were introduced into N. oleoabundans
by electroporation followed by heat induction. The GFP fluorescence
intensity was determined using spectrofluorometer. Values of control
without GFP were subtracted. Each value and error bar represents the
means of five independent experiments and the standard deviation. b
Heterologous promoter activities in transient expression. Plasmid pAR-
ChGFP, pp2-ChGFP, and p35S-ChGFP were introduced into
N. oleoabundans by electroporation. Heat induction (H/) was
performed in cells electroporated with pAR-ChGFP. The GFP
fluorescence intensity was determined using a spectrofluorometer.
Values of control without GFP (wild-type strain) were subtracted. Each
value and error bar represents the means of five independent experiments
and the standard deviation. ¢ Optimal electric field strength for
electroporation. Plasmid pAR-Hyg3 (5 pg) was introduced into
N. oleoabundans using electroporation with various electric field
strengths: 500, 1000, 1500, and 2000 V cm . Transformant colonies
grown on BBM agar containing HygB were counted. Fach value and
error bar represents the means of three independent experiments and the
standard deviation

for developing a stable nuclear transformation system of
N. oleoabundans.

The efficient GFP reporter in N. oleoabundans GFP has
been used as a reporter in many different organisms; how-
ever, the Gfp gene under the control of heterologous pro-
moters is often poorly expressed (Fuhrmann et al. 1999).
Adaptation of Gfp gene to the codon usage of target host
has been shown to improve the gene expression, i.e.,
AcGfp adapted to human codon usage (Gurskaya et al.
2003) and ChGfp adapted to C. reinhardtii nuclear codon
usage (Fuhrmann et al. 1999).

To compare the AcGfp and ChGfp gene expression in
N. oleoabundans, plasmids pAR-AcGFP and pAR-ChGFP
(Fig. 1) were introduced into the cells by electroporation.
Transient expression revealed that GFP activity of cells
electroporated with pAR-ChGFP was 1.82-fold higher than
that with pAR-AcGFP (Fig. 2a), indicating that ChGfp was
more efficient than AcGfp. The results suggested that the co-
don usage of N. oleoabundans might be closer to that of the
microalga C. reinhardtii than that of humans. Therefore, in
subsequent experiments, CiGfp gene was used as a reporter
to evaluate the activities of heterologous promoters.

The functional heterologous promoters in /N.
oleoabundans The promoters such as the heat-inducible 4R
promoter of C. reinhardtii (Schroda et al. 2000), the strong
constitutive 52-Tub promoter of C. reinhardtii (Brunke et al.
1984), and the constitutive CaM V35S promoter of cauliflower
mosaic virus (Odell et al. 1985) have been shown to success-
fully drive the heterologous gene expression in the nucleus of
several microalgae (Hallmann and Wodniok 2006; Lerche and
Hallmann 2009; Berthold et al. 2002; Tan et al. 2005; Chow
and Tung 1999).
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To test whether the promoters AR, 52-Tub, and CaMV35S
could function in N. oleoabundans by using ChGfp as a re-
porter, plasmids pAR-ChGFP, p[32-ChGFP, and p35S-ChGFP
(Fig. 1) were introduced into the cells by electroporation.
Transient expression revealed that the GFP activities of pro-
moters AR (without heat induction), 32-Tub, and CaMV35S
were not significantly different (Fig. 2b), indicating that these
promoters could function in N. oleoabundans. The GFP ac-
tivity of AR promoter with heat induction was 2.75-fold higher
than without heat induction, indicating that AR promoter was
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heat inducible and was the most efficient promoter. Therefore,
AR promoter was subsequently used to drive the expression of
selectable marker gene for stable nuclear transformation in
N. oleoabundans.

Transformation of N. oleoabundans by
electroporation Because antibiotic resistance can be used as
selectable markers to facilitate transformant isolation, we test-
ed N. oleoabundans sensitivity to antibiotics kanamycin, am-
picillin, and hygromycin B (HygB) by culturing 3.1 x 10% cells
on BBM agar containing various concentrations of the antibi-
otics. N. oleoabundans was resistant to kanamycin and ampi-
cillin at 160 ug mL ™", but was sensitive to HygB with minimal
inhibitory concentration (MIC) at 5 pg mL™'. Therefore,
HygB concentration at 5 ug mL™' was used in subsequent
experiments for N. oleoabundans transformant selection.

The HygB-resistant gene Hyg3 (Aph7” including intronl of
rbcS2 gene) has been successfully used as a selectable marker in
C. reinhardtii (Berthold et al. 2002). To test whether Hyg3 gene
could be used as a selectable marker in N. oleoabundans, the
plasmid pAR-Hyg3 (Fig. 1) was introduced into the cells by
electroporation. Electroporation was performed using a single
pulse with resistance at 200Q2 and capacitance at 25 pF. The
optimal electric field strength for electroporation was investigated
(Fig. 2c). The number of transformants increased from
500 V ecm™ to reach a maximum at 1000 V cm ™" then decreased
at 1500 and 2000 V em . However, the number of transformants
generated at 1000 and 1500 V cm ' was not significantly differ-
ent. Therefore, we used the optimal electric field strength at
1000 V cm ™! for the remaining experiments. The transformation
frequency in this study (Table 1) was one order of magnitude
higher than that of intact cell wall C. reinhardtii using almost
identical electroporation condition except with two consecutive
pulses (Brown et al. 1991). Addition of carrier DNA in the elec-
troporation mixture has been shown to increase transformation
frequency of C. reinhardtii by one order of magnitude
(Shimogawara et al. 1998). Whether the addition of carrier
DNA in the electroporation mixture could increase transforma-
tion frequency of N. oleoabundans remains to be investigated.

Table 1  Stable nuclear transformation frequency of N. oleoabundans
using electroporation

Plasmids Transformation frequency®
(transformants mg ' DNA)®

pAR-Hyg3 52x107*

pAR-Hyg4 2.0x107*

pChGFP-Hyg3 3.0x107*

pAR-ChGFP and pAR-Hyg3 2.6x107*

* Transformants were selected on BBM agar containing HygB

° Numbers of transformants/recipient cells treated/mg DNA

The efficiency of Hyg3 and Hyg4 gene in N.
oleoabundans Introns have been shown to have a positive
effect on gene expression in eukaryotes, because their splicing
improves and accelerates nuclear mRNA export (Reed and
Hurt 2002; Rose and Last 1997). In C. reinhardtii, heterolo-
gous gene expression can be increased by the presence of
intronl of endogenous rbcS2 gene (Lumbreras et al. 1998;
Berthold et al. 2002). We compared the efficiency of HygB-
resistant gene variants, Hyg3 (Aph7” including intronl of
rbcS2 gene) and Hyg4 (Aph7” intronless), in
N. oleoabundans. Plasmids pAR-Hyg3 and pAR-Hyg4
(Fig. 1) were electroporated into N. oleoabundans to obtain
transformants Hyg3 and Hyg4, respectively. The transforma-
tion frequency of pAR-Hyg3 (5.2x 10 * transformants mg '
DNA) was 2.6-fold higher than that of pAR-Hyg4 (2.0x
10~ transformants ng{1 DNA) (Table 1). Thus, the intronl
of rbcS2 gene increased transformation frequency in
N. oleoabundans. The results agreed well with a previous
report that in C. reinhardtii, the presence of the intronl of
rbeS2 gene in selectable marker genes Aph7” and ble in-
creases transformation frequency (Berthold et al. 2002;
Lumbreras et al. 1998).

The integration of Hyg3 and Hyg4 genes into the nuclear
genome of N. oleoabundans was verified using genomic PCR.
The expected 806-bp and 722-bp PCR products were detected
in transformants Hyg3 (Fig. 3a) and Hyg4 (Fig. 3b), respec-
tively, but not in wild type used as negative control. DNA
sequencing analysis of the PCR products revealed that they
were indeed Hyg3 and Hyg4 genes (data not shown).
Therefore, Hyg3 and Hyg4 genes were successfully integrated
into the nuclear genome of N. oleoabundans.

Because heterologous gene expression is often hampered
by gene silencing of the host system (Schroda 2006), this
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Fig. 3 Genomic PCR detection of transformants Hyg3 and Hyg4. PCR
using genomic DNA of transformants Hyg3 (a) and Hyg4 (b) were
performed with primer sets shown in Fig. 1. Lanes M, 100-bp DNA
ladder; C—, no template (used as negative control); C+, plasmid pAR-
Hyg3 used as positive control in (a) and pAR-Hyg4 in (b); and W1, wild-
type strain (used as negative control)
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phenomenon may have a direct influence on the stability of
transformant phenotypes. To test the long-term stability of
Hyg3 and Hyg4 gene expression without selection, randomly
selected transformants Hyg3 and Hyg4 were subcultured on
BBM agar in the absence of HygB for at least 6 months, and
then they were transferred to BBM agar containing HygB at
5 ug mL ™", All the tested transformants showed unimpeded
growth, suggesting that they were stable transformants. Thus,
the selectable marker genes Hyg3 and Hyg4 yield high trans-
formation frequency, sharp selection with no background

a ChGFP-Hyg3 no.
c- ¥ 5 7 8 9 c+

B RE

ChGfp
— s —— - |<— 302 bp

b ChGFP-Hyg3 no.

MC S 5 7 8 9 c+

Hyg3

—— e —— | 722 bp

e

GFP activity
(Fluorescence unit/OD;5()

5 7 8 9
ChGFP-Hyg3 no.

Fig. 4 Evaluation of transformant ChGFP-Hyg3. a ChGfp and b Hyg3
PCR detection. Genomic PCR of transformant ChGFP-Hyg3 were
performed with primer sets shown in Fig. 1. Lanes M, 100-bp DNA
ladder; C—, no template (used as negative control); C+, plasmid
pChGFP-Hyg3 used as positive control; and W, wild-type strain (used
as negative control). ¢ The GFP activity. The GFP fluorescence intensities
in the transformant ChGFP-Hyg3 were measured using a
spectrofluorometer. Values of control without GFP (wild-type strain)
were subtracted. Each value and error bar represents the mean of three
independent experiments and the standard deviation
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from non-transformed colonies, and stable transformants in
N. oleoabundans.

Transformation and co-transformation of ChGfp
gene Because genes of interest are often unselectable, they
cannot be used for direct transformation selection.
Transformation system that allows co-transformation of
unselectable and selectable genes in two separate plasmids is
useful and convenient; there is no need to construct a trans-
formation plasmid containing both genes. To test the transfor-
mation system in this study, plasmid pChGFP-Hyg3

ChGFP/Hyg3 no.
Mc S 5 6 7 8 C+

ChGfp
< 302 bp

=]

b ChGFP/Hyg3 no.
¢ 56 7 8 ¢+
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ChGFP/Hyg3 no.

Fig.5 Evaluation of transformant ChGFP/Hyg3 from co-transformation.
a ChGfp and b Hyg3 PCR detection. Genomic PCR of transformant
ChGFP/Hyg3 were performed with primer sets shown in Fig. 1. Lanes
M, 100-bp DNA ladder; C—, no template (used as negative control); C+,
plasmid pAR-ChGFP used as positive control in (a) and pAR-Hyg3 in
(b); and Wz, wild-type strain (used as negative control). ¢ GFP activity.
The GFP fluorescence intensities in the transformant ChGFP/Hyg3 were
measured using a spectrofluorometer. Values of control without GFP
(wild-type strain) were subtracted. Each value and error bar represents
the mean of three independent experiments and the standard deviation
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containing both unselectable gene ChGfp and selectable gene
Hyg3 (Fig. 1) was used for transformation to obtain
transformant ChGFP-Hyg3, whereas the combination of
unselectable plasmid pAR-ChGFP and selectable plasmid
pAR-Hyg3 (Fig. 1) was used for co-transformation to obtain
transformant ChGFP/Hyg3. The frequency of transformation
(3.0x10™* transformants mg ' DNA) and co-transformation
(2.6x10* transformants mg ' DNA) were not significantly
different; however, the frequency was 1.7- and 2-fold, respec-
tively, lower than that of plasmid pAR-Hyg3 (5.2x
10™* transformants mg ' DNA) (Table 1). Up to 90 % of
HygB-resistant colonies from co-transformation expressed
GFP activities. Therefore, co-transformation occurs at a high
frequency and Hyg3 gene is an efficient selectable marker.
High efficiency of unselectable gene (up to 60 %) in co-
transformation with selectable gene has been reported in the
diatom Phaeodactylum tricornutum (Zhang and Hu 2014).

To verify the presence of ChGfp and Hyg3 genes in the
genome, genomic DNA of transformants ChGFP-Hyg3 and
ChGFP/Hyg3 were isolated and analyzed by PCR. The ex-
pected PCR products of 302 and 722 bp were detected in
transformants ChGFP-Hyg3 (Fig. 4a, b) and ChGFP/Hyg3
(Fig. 5a, b), respectively, whereas no PCR product was detect-
ed in wild-type strain used as negative control. DNA sequenc-
ing analysis revealed that the PCR product of 302 bp
contained ChGfp gene and 722 bp contained Hyg3 gene (data
not shown). The results indicated that the ChGfp and Hyg3
genes, by transformation and co-transformation, were inte-
grated into the genome. Therefore, co-transformation of
unselectable and selectable plasmid was feasible in
N. oleoabundans.

Fig. 6 CLSM images of DIC
transformants expressing GFP. A
DIC, differential interference
contrast; GFP, GFP fluorescence
(ex: 488 nm; em: 507 nm); Wit
Chlorophyll, chlorophyll
autofluorescence (ex: 652 nm;
em: 668 nm); Merge, merged
image of GFP and Chlorophyll.
N. oleoabundans wild-type strain
(Wt) was used as negative control.
Transformants ChGFP-Hyg3 and
ChGFP/Hyg3 are indicated ChGFP-Hyg3
no.7

ChGFP/Hyg3
no.6

The copy number of genes integrated into the
N. oleoabundans genome was investigated using Southern
blot analysis; only one expected band of Hyg3 or ChGfp gene
was barely detected even when using a high amount of
transformant genomic DNA (10 pg) (data not shown), sug-
gesting that at least one copy of the genes was integrated into
the transformant genome. Although the results from Southern
blot analysis were inconclusive, the results from genomic
PCR clearly showed that Hyg3 and/or ChGfp gene was pres-
ent in the genome (Figs. 3; 4a, b; and 5a, b). In C. reinhardtii,
transformation by electroporation reveals that only one or a
few copies of heterologous DNA are integrated into the nu-
clear genomes (Brown et al. 1991).

The ChGfp gene expression in N. oleoabundans To deter-
mine the GFP expression in N. oleoabundans, the fluores-
cence intensities of whole cells were measured using a spec-
trofluorometer. The GFP activities of transformants ChGFP-
Hyg3 (Fig. 4c) and ChGFP/Hyg3 (Fig. 5c) were detected.
Therefore, the ChGfp gene was expressed in both
transformants. Whether the different levels of GFP activities
in the transformant clones (Figs. 4c and 5c) are due to copy
number or integration positional effect of the ChGfp gene
remains to be investigated.

The GFP expression in live transformants ChGFP-Hyg3
and ChGFP/Hyg3 was visualized under confocal laser scan-
ning microscope (CLSM). Very bright GFP fluorescence sig-
nal was clearly visible in transformants ChGFP-Hyg3 and
ChGFP/Hyg3 but not in wild-type strain used as negative
control (Fig. 6). Very little green autofluorescence back-
ground, co-localized with chlorophyll red autofluorescence,

GFP Merge

Chlorophyll
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was detected in transformants and wild-type strain. The green
autofluorescence background might be emitted by carotenoids
located in the chloroplast as reported previously in Dunaliella
salina (Kleinegris et al. 2010).

Taken together, results from transformation frequency
(Table 1), integration of Hyg3 and Hyg4 gene into the nuclear
genome (Fig. 3), evaluation of transformants ChGFP-Hyg3
(Fig. 4) and ChGFP/Hyg3 (Fig. 5), and CLSM images of
transformants expressing ChGFP (Fig. 6) indicated that (i)
the stable nuclear transformation of N. oleoabundans was
successfully developed using electroporation; (ii) the
unselectable gene ChGfp and the selectable marker gene
Hyg3, by transformation and co-transformation, were integrat-
ed into the nuclear genome of N. oleoabundans; and (iii) the
ChGfp gene was expressed in N. oleoabundans; under CLSM,
GFP fluorescence signal was visible.

Recently, the cDNA encoding the primary enzyme of
N. oleoabundans TAG biosynthesis, diacylglycerol acyltrans-
ferase type 2 (NeoDGAT2), has been cloned
(Chungjatupornchai and Watcharawipas 2014). The availabil-
ity of a transformation system in N. oleoabundans would en-
able overexpression of NeoDGAT?2 to increase TAG for bio-
diesel production.

Conclusions

The stable nuclear transformation system of N. oleoabundans
by electroporation was successfully established; co-
transformation of unselectable and selectable plasmid was
feasible. As an application of the system, ChGfp gene was
integrated into the nuclear genome and expressed in
N. oleoabundan. The availability of the stable nuclear trans-
formation system not only provides a basis for molecular ge-
netics study but also enables subsequent genetic manipulation
in the microalga to increase TAG for biodiesel production.
The strategy for developing the stable nuclear transformation
system presented in this study may be applicable to other
microalgal species without sequenced genome.
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Accelerated triacylglycerol production e
and altered fatty acid composition in oleaginous
microalga Neochloris oleoabundans

by overexpression of diacylglycerol
acyltransferase 2

Paeka Klaitong, Sirirat Fa-aroonsawat and Wipa Chungjatupornchai’

Abstract

Background: Microalgae are promising sources of lipid triacylglycerol (TAG) for biodiesel production. However, to
date, microalgal biodiesel is technically feasible, but not yet economically viable. Increasing TAG content and produc-
tivity are important to achieve economic viability of microalgal biodiesel. To increase TAG content, oleaginous micro-
alga Neochloris oleoabundans was genetically engineered with an endogenous key enzyme diacylglycerol acyltrans-
ferase 2 (NeoDGAT2) responsible for TAG biosynthesis.

Results: The integration of NeoDGAT2 expression cassettes in N. oleoabundans transformant was confirmed by PCR.
The neutral lipid accumulation in the transformant detected by Nile red staining was accelerated and 1.9-fold higher
than in wild type; the lipid bodies in the transformant visualized under fluorescence microscope were also larger. The
NeoDGAT? transcript was two-fold higher in the transformant than wild type. Remarkably higher lipid accumulation
was found in the transformant than wild type: total lipid content increased 1.6-to 2.3-fold up to 74.5 £ 4.0% dry cell
weight (DCW) and total lipid productivity increased 1.6- to 3.2-fold up to 14.6 + 2.0 mg/L/day; while TAG content
increased 1.8- to 3.2-fold up to 46.1 £ 1.6% DCW and TAG productivity increased 1.6- to 4.3-fold up to 8.9 + 1.3 mg/L/
day. A significantly altered fatty acid composition was detected in the transformant compared to wild type; the levels
of saturated fatty acid C16:0 increased double to 49%, whereas C18:0 was reduced triple to 6%. Long-term stabil-

ity was observed in the transformant continuously maintained in solid medium over 100 generations in a period of
about 4 years.

Conclusions: Our results demonstrate the increased TAG content and productivity in N. oleoabundans by NeoDGAT?2
overexpression that may offer the first step towards making microalgae an economically feasible source for biodiesel
production. The strategy for genetically improved microalga presented in this study can be applied to other microal-
gal species possessing desired characteristics for industrial biofuel production.

Keywords: Biofuel, Biodiesel, Diacylglycerol acyltransferase (DGAT), Microalgae, Lipids, Genetic engineering

Background one of the commonly used biofuels, is predominantly
Biofuels are thought to represent a secure, renewable and ~ produced from oleaginous plants. Because microalgae
environmentally safe alternative to fossil fuels. Biodiesel, have much higher lipid and biomass productivity than
terrestrial plants, can utilize saline or wastewater for
their growth, and require non-arable land [1], they are
*Correspondence: wipa.chu@mahidolac.th promising sources of lipid triacylglycerol (TAG) for bio-
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microalgae is technically, but not yet economically, fea-
sible. There are several challenges that need to be over-
come before microalgal biodiesel can be economically
produced at a commercial scale, one of which is the lack
of microalgal strains with high TAG content and biomass
[1, 2]. Increasing TAG content in microalgae possessing
several desired characteristics could be achieved by tar-
geted genetic engineering of the key genes in TAG bio-
synthesis pathway, offering the first step towards making
microalgae an economically feasible source for biodiesel
production [3-5]. To date, the microalgal oleaginous trait
has been extensively studied primarily in the model green
microalga Chlamydomonas reinhardtii, however, high
genetic diversity for this trait has been demonstrated in
microalgae [6].

The TAG biosynthetic pathway in microalgae is poorly
known, however, it is considered to be most similar to
that operating in higher plants [7]. In the de novo TAG
biosynthetic pathway, diacylglycerol acyltransferase
(DGAT; EC 2.3.1.20) catalyzing the final and committed
step has been identified as the rate-limiting enzyme for
lipid accumulation in plants [8, 9]. DGAT catalyzing the
formation of TAG from diacylglycerol and Acyl-CoA is
thought to be the key enzyme for de novo TAG biosynthe-
sis in all organisms [7]. DGAT has also been suggested as
one of the most promising target genes for genetic engi-
neering to enhance TAG accumulation in microalgae [4].
Most microalgal species have been shown to have DGAT
isozymes derived from one DGAT type 1 (DGATI) and
multiple DGAT type 2 (DGAT2) genes [7]. The isozymes
DGAT1 and DGAT2 of C. reinhardtii have been pre-
dicted to localize in the chloroplast and endoplasmic
reticulum, respectively [10]. DGAT2 has been identified
as the potent enzyme in TAG biosynthesis [11-13].

Overexpression of DGAT?2 for enhancing TAG accumu-
lation has been attempted so far in a few microalgal spe-
cies with varying success. In C. reinhardtii, endogenous
DGAT?2 overexpression neither boosts TAG accumula-
tion nor alters the fatty acid composition [14], however,
enhanced TAG accumulation has been observed when
DGAT?2 expressed under a phosphorus-starvation induc-
ible promoter [15]. Heterologous DGAT?2 expression has
been shown to enhance neutral lipid accumulation but
subsequently encounter gene silencing [16]. Enhanced
lipid accumulation also has been observed in Nannochlo-
ropsis oceanica and Phaeodactylum tricornutum overex-
pressing endogenous DGAT?2 [17, 18], and Scenedesmus
obliquus expressing heterologous DGAT2 [19]. The maxi-
mum TAG content produced by DGAT2-overexpressing
microalgae that has been reported so far is 11% of dry cell
weight [15-17]. However, DGAT?2 overexpression has not
been explored so far in oleaginous microalga Neochloris
oleoabundans.
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Neochloris oleoabundans, a taxonomic synonym of
Ettlia oleoabundans [20], has been demonstrated to be
one of the most suitable lipid sources for biodiesel pro-
duction [21-23]. Under nitrogen starvation condition,
N. oleoabundans produces 35-54% lipids of dry cell
weight; up to 80% of its total lipids is TAG mainly com-
prised of the saturated fatty acids in the range of 16-20
carbons [24] ideal for biodiesel production. However, the
knowledge concerning N. oleoabundans is very limited;
no genomic sequences are available. To enable genetic
manipulation of TAG biosynthesis and molecular genet-
ics study, the cDNA encoding a functional DGAT2 pro-
tein of N. oleoabundans (NeoDGAT?2) has been cloned
[11] and the stable nuclear transformation system of N.
oleoabundans has been established [25].

In this study, we tested whether overexpression of an
endogenous key enzyme DGAT catalyzing the final step
would affect lipid biosynthesis in oleaginous microalga.
The NeoDGAT2 expression cassettes were transformed
into N. oleoabundans. The NeoDGAT2-overexpressing
transformant was characterized in detail with regards to
growth characteristics, neutral lipid accumulation and
lipid bodies in the cells, lipid content and productivity,
and fatty acid composition.

Results

Selection of N. oleoabundans transformants

The unicellular microalga N. oleoabundans was trans-
formed with plasmids pAR-DGAT2 and pB2-DGAT2
harboring endogenous diacylglycerol acyltransferase
type 2 (NeoDGAT2) ¢cDNA under the control of pro-
moters HSP70-RBCS2 (AR) and B2-tubulin (52-Tub),
respectively (Fig. la), via electroporation. The result-
ing transformants AR-DGAT2 and B2-DGAT2 were
selected on hygromycin B-supplemented BBM agar
with a transformation frequency of about 90 £ 10 colo-
nies/1.5 x 107 cells. To screen for clones with poten-
tial high neutral lipid accumulation, about 25 colonies
selected from each plasmid transformation were grown
on nitrogen-depleted (BBM-N) agar plates for 3 days and
then stained with Nile red, a reagent that yields brilliant
fluorescence in a neutral lipid environment [26]. On the
basis of high Nile red fluorescence intensity, transfor-
mants AR-DGAT2-33, AR-DGAT2-40, B2-DGAT2-8 and
B2-DGAT2-9 were selected for subsequent experiments.

Evaluation of NeoDGAT2-expression cassette integration

The integration of NeoDGAT?2 expression cassettes in
N. oleoabundans was confirmed by genomic PCR using
primer pair specific to NeoDGAT2 coding sequence.
The expected amplicon of 517 bp was detected in
the four selected transformants AR-DGAT2-33, AR-
DGAT2-40, B2-DGAT2-8 and B2-DGAT?2-9, but not in
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Fig. 1 Generation of N. oleoabundans transformants. a Schematic diagram of plasmids pAR-DGAT2 and pB2-DGAT2 used to transform the N.
oleoabundans cells. The NeoDGAT2 cDNA (Accession no. GenBank: KJ470774) [11] was expressed by either promoter AR [28], or f2-Tub [29] and
contained 3'rbcS2 [41] at 3’end. Hyg3 gene used as selectable marker [40]. The 517-bp PCR amplicon, denoted by a line. b PCR confirmation of
NeoDGAT2-expression cassette integration in the transformants. Genomic PCR of transformants AR-DGAT2, B2-DGAT2 and wild type was performed
with primers specifically bind to NeoDGAT2 coding sequence. The 517-bp amplicon was detected in the transformants but not in wild type which
was used as negative control. Lanes M, 100-bp DNA ladder; C+, plasmid pAR-DGAT? (used as positive control)

wild type (Fig. 1b). The 517-bp amplicon was subjected

to DNA sequencing and confirmed to be NeoDGAT?2 61 -3 widtype
coding sequence. Thus, the NeoDGAT2-expression —~ 2] O ARDGAT2-33
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GAT2 gene including introns was at least 3 kb. Because g 31
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amplify amplicon of about 1 kb, the amplicon from £
the resident NeoDGAT?2 gene was not amplified. The S 1]
PCR-positive transformants were further analyzed for
growth characteristics. """+
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To evaluate whether NeoDGAT?2 overexpression had any Fig. 2 Growth curve of N. oleoabundans transformants AR-DGAT2
effect on srowth characteristics, we analyzed growth and B2-DGAT2 during N-sufficient growth condition. Each value
] ’ 4 g represents mean =+ SD (n = 3)

curve of the transformants and wild type under N-suf-
ficient growth condition. All of the selected transfor-
mants showed overall similar growth curve compared
to wild type, while slightly lower growth during the sta-
tionary phase (Fig. 2). However, the doubling time dur-
ing exponential growth of transformants AR-DGAT2-40
(6.8 £ 1.0 days), B2-DGAT2-8 (7.0 + 1.0 days), and
B2-DGAT2-9 (7.3 + 1.3 days), except AR-DGAT2-33
(9.7 £ 0.9 days), was not significantly different from that
of wild type (6.4 £ 0.4 days) at p < 0.01. Thus, NeoDGAT?2
overexpression did not have an apparent effect on the

growth of transformants AR-DGAT2-40, B2-DGAT?2-8,
and B2-DGAT?2-9.

Neutral lipid analysis by Nile red staining

Neochloris oleoabundans, like many microalgae, accu-
mulates neutral lipids under N-starvation condition
[22, 24, 27]. To evaluate the lipid-production potential
of the transformants, neutral lipids in the cells cultured
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under N-starvation condition I (see “Methods”) were
stained with fluorescent dye, Nile red. The neutral lipid
accumulation in the transformants AR-DGAT2-33, AR-
DGAT2-40, B2-DGAT?2-8, B2-DGAT2-9 was accelerated
and dramatically increased; all transformants were found
to reach maximum neutral lipid content (day 25) earlier
than wild type (day 35) (Fig. 3a). Among the transfor-
mants, AR-DGAT2-40 showed the highest neutral lipid
content which increased to 1.9-fold compared to the
maximum content in wild type. Therefore, transformant
AR-DGAT?2-40 was selected for subsequent experiments.

The lipid bodies in transformant AR-DGAT2-40 and
wild type were further visualized under fluorescence
microscope. Intense golden-color lipid bodies with larger
volume were observed in transformant AR-DGAT2-40,
whereas, light golden-color lipid bodies with smaller vol-
ume in wild type. The red-color background was due to
chlorophyll autofluorescence (Fig. 3b). Thus, NeoDGAT2
overexpression in transformant AR-DGAT2-40 enhanced
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the accumulation of lipid bodies that was in accordance
with the increased neutral lipid content (Fig. 3a).

Evaluation of NeoDGAT2 transcript

To examine whether the integrated NeoDGAT2-expres-
sion cassette in the transformant expressed at transcrip-
tional level, the relative NeoDGAT?2 transcript abundance
in cells cultured under N-starvation condition was
determined by quantitative real-time PCR (qPCR) using
NeoActin transcript as a reference. Transformant AR-
DGAT2-40 was observed to have NeoDGAT?2 transcript
increased twofold compared to wild type (Fig. 4), indicat-
ing that the increased transcript was enhanced by NeoD-
GAT2 overexpression.

Lipid productivity analysis

For economically viable to produce biodiesel, microalgal
strains should have both high lipid content and enhanced
biomass. Lipid analysis in this study was performed in

DGAT2-40, light golden-color lipid bodies in wild type
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Fig. 3 Detection of neutral lipid in the transformants using Nile red staining. a Relative Nile red fluorescence of transformants AR-DGAT2, B2-DGAT2
and wild type during N-starvation growth condition I. All transformants were found to reach maximum Nile red fluorescence earlier than wild type.
Each value represents mean = SD (n = 3). b Lipid bodies in transformant AR-DGAT2-40 and wild type (at indicated time point) visualized under

a bright field microscope (left panel) and fluorescence microscope (right panel). Intense golden-color lipid bodies observed in transformant AR-
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Fig. 4 Relative NeoDGAT2 transcript abundance in transformant
AR-DGAT2-40. The levels of NeoDGAT2 transcript during N-starvation
growth condition | were determined by quantitative real-time PCR.
The values are normalized to the expression level of endogenous
NeoActin. Each value represents mean = SD (n = 3). Significant differ-
ence between transformant AR-DGAT2-40 and wild type is indicated
(*p < 0.01, t test)

N. oleoabundans cultured under N-starvation condition
I and the enhanced cell growth by increasing aeration,
N-starvation conditions II. The cells were harvested when
they reached maximum neutral lipid accumulation moni-
tored by Nile red staining and the dried cells were deter-
mined gravimetrically as dry cell weight (DCW). Biomass
of transformant AR-DGAT2-40 under N-starvation con-
dition I and II were 117 £ 12 and 449 + 57 mg DCW/L,
respectively, increasing about 3.8-fold; while that of wild
type were 163 £ 21 and 462 £ 27 mg DCW/L, respec-
tively, increasing about 2.8-fold. Under the same growth
condition, biomass was not significantly different
between the transformant and wild type (p < 0.05). Thus,
the biomass was enhanced by increasing aeration under
N-starvation condition and not affected by NeoDGAT2
overexpression.

Because TAG is the major component for biodiesel
production, the TAG content separated from total lipids
using TLC was quantified. Up to 66% of total lipids
extracted from transformant AR-DGAT2-40 and wild
type were TAG (Fig. 5a). The lipid content and produc-
tivity in transformant AR-DGAT2-40 were compared
to wild type: under N-starvation condition I, total lipid
content in transformant (74.5 + 4.0% DCW) increased
2.3-fold, TAG content (43.1 £+ 5.0% DCW) increased
3.2-fold, total lipid productivity (4.7 £ 0.9 mg/L/day)
increased 3.2-fold, TAG productivity (3.1 £+ 0.9 mg/L/
day) increased 4.3-fold; under N-starvation condition
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Fig. 5 Lipid analysis of transformant AR-DGAT2-40. a Lipid content
and b Lipid productivity of wild type and transformant AR-DGAT2-40.
Lipids extracted from cells grown under N-starvation condition | and
Il. N-starvation condition Il for increasing cell mass was the same

as condition |, except increasing aeration. Each value represents

mean =+ SD (n = 3). Significant difference between transformant AR-
DGAT2-40 and wild type in the same growth condition is indicated

Lipid productivity (mg/L/day)
s

(*p <0.01, ttest)

II, total lipid content in transformant (69.6 + 5.3%
DCW) increased 1.6-fold, TAG content (46.1 + 1.6%
DCW) increased 1.8-fold, total lipid productivity
(14.6 £ 2.0 mg/L/day) increased 1.6-fold and TAG pro-
ductivity (8.9 =+ 1.3 mg/L/day) increased 1.6-fold (Fig. 5a,
b). Therefore, transformant AR-DGAT2-40 was observed
to have dramatically increase in lipid accumulation both
under N-starvation condition I and II when compared
to wild type: the total lipid content and productivity
increased 1.6-to 2.3-fold and 1.6- to 3.2-fold, respectively;
while the TAG content and productivity increased 1.8-
to 3.2-fold and 1.6- to 4.3-fold, respectively (Fig. 5a, b).
NeoDGAT2 overexpression markedly improved TAG
content and productivity in the microalga.

Fatty acid composition analysis

Because fatty acid (FA) composition can impact the qual-
ity of the biodiesel, we tested whether NeoDGAT?2 over-
expression would have any effect on FA composition.
Fatty acid methyl esters (FAME) obtained by transesteri-
fication of TAG were analyzed using gas chromatography
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equipped with flame ionization detector (GC-FID).
FAME in the chain-length range of C11-C23 was deter-
mined by comparison with the standard reference. The
palmitic acid (C16:0), a saturated fatty acid (SFA) and
oleic acid (C18:1), a monounsaturated fatty acid (MUFA),
were the most abundant FA in the TAG (Fig. 6). The FA of
C16 increased whereas C18 was reduced in transformant
AR-DGAT?2-40 compared to wild type: C16:0 increased
double the amount to 49% from 24% and C16:1 (palmi-
toleic acid, MUFA) increased to 7% from 0%, whereas
C18:0 (stearic acid, SFA) was reduced triple to 6% from
18%, C18:1-26% from 37%, and C18:2 (Linoleic acid,
polyunsaturated fatty acid (PUFA)) to 6% from 10%. The
overall SFA increased to 58% from 40%, MUFA was not
significantly different from the wild type, whereas PUFA
was reduced to 8% from 24% (Fig. 6). The C16:0 increased
double, suggesting that C16:0-acyl-CoA might be a pre-
ferred substrate of NeoDGAT?2. A significant alteration
of the FA composition in transformant AR-DGAT2-40
was due to NeoDGAT?2 overexpression.

Long-term stability of transformants

Transformants AR-DGAT2 and B2-DGAT2 were contin-
uously maintained in solid BBM medium by subculturing
(every 2 weeks) over 100 generations in a period of about
4 years. The transformants were periodically checked for
neutral lipid accumulation by Nile red staining; no loss
in higher lipid-accumulation than wild-type trait was
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observed in all the transformants used in this study, indi-
cating the NeoDGAT?2 overexpression stability.

Discussion

This study is based on the overexpression of endogenous
diacylglycerol acyltransferase type 2 (NeoDGAT2) in N.
oleoabundans to improve triacylglycerol (TAG) accumu-
lation for potential biodiesel production. The important
prerequisites for NeoDGAT?2 overexpression in N. oleo-
abundans are the availabilities of: (i) the stable nuclear
transformation system [25], (ii) the NeoDGAT2 cDNA
encoding a functional DGAT protein. NeoDGAT?2 fused
with His tag at the C-terminus for facilitating Western
blot analysis has been shown to reduce the NeoDGAT?2
activity [11]. NeoDGAT?2 without tag was therefore used
in this study, and (iii) the functional promoter that can
drive the expression of the NeoDGAT2. Because no data
concerning N. oleoabundans endogenous promoter are
available, promoters AR and f32-Tub from C. reinhardtii
[28, 29] that have been shown to function in N. oleoabun-
dans with similar activity [25] were utilized in this study.
Among the transformants, AR-DGAT2-40 showed the
highest neutral lipid content which increased to 1.9-fold
compared to the maximum content in wild type (Fig. 3a).
This transformant overexpressing NeoDGAT2 under AR
promoter may produce more lipids at high temperature,
because AR promoter has been shown to be heat induc-
ible in N. oleoabundans [25]. However, cells cultured
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Fig. 6 Fatty acid composition in transformant AR-DGAT2-40. Fatty acid methyl esters in transformant AR-DGAT2-40 and wild type were analyzed
using GC-FID. Fatty acid composition in the predominant region of carbon chain length C16-C18 in transformant AR-DGAT2-40 was altered when
compared to wild type: C16:0 and C16:1 increased, whereas C18:0, C18:1 and C18:2 were reduced. SFA, MUFA and PUFA are saturated, monounsatu-
rated and polyunsaturated fatty acids. Each value represents mean =+ SD (n = 3). Significant difference between transformant AR-DGAT2-40 and
wild type is indicated (**p < 0.01, *p < 0.02, t test)
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under N-starvation condition already have poor growth
[22], additional stress conditions were omitted in this
study.

The lipid bodies with higher fluorescence intensities
and larger volume were observed in transformant AR-
DGAT2-40 than in wild type (Fig. 3b). The lipid bodies
under N starvation in green microalgae has been shown
as a results of increased de novo synthesis of TAG [6].
Lipid analysis in this study was performed in cells cul-
tured under N-starvation condition I and the enhanced
cell growth by increasing aeration, N-starvation condi-
tions II. Biomass of transformant AR-DGAT2-40 under
N-starvation condition II was about 3.8-fold higher than
under condition I. Thus, the biomass was enhanced by
increasing aeration under N-starvation condition and not
affected by NeoDGAT2 overexpression. The TAG pro-
ductivity in the transformant could be further improved
by optimizing the growth condition to enhance biomass.
The TAG content of 46.1 &+ 1.6% DCW produced by the
transformant in this study (Fig. 5a) was the highest in
comparison to those produced by DGAT2-overexpress-
ing microalgae reported so far with maximum TAG con-
tent of 11% DCW [15-17].

A significant alteration of the FA composition was
observed in transformant AR-DGAT2-40 compared to
wild type. The C16:0 in the transformant increased dou-
ble, suggesting that C16:0-acyl-CoA might be a preferred
substrate of NeoDGAT?2; in agreement with preferred
substrate of C. reinhardttii DGAT2 [30]. Similar incident
of FA composition alteration has been reported previ-
ously. Expression of Brassica DGAT2 in C. reinhardtii
increases PUFA while reduces SFA [16]. Overexpres-
sion of DGAT2 in N. oceanica increases SFA and PUFA
whereas decreases MUFA [17]. FA compositions of TAG
in DGAT2-overexpressing C. reinhardtii are different
between N- and phosphorus-limited growth conditions
[15].

The FA composition of TAG plays an important role in
some critical parameters of the biodiesel, such as cetane
number [31]. Cetane number is one of the important fac-
tors in determining the quality of diesel fuel; the higher
number the more easily the fuel will combust in a com-
pression setting [32]. High cetane numbers have been
observed for esters of SFA such as C16:0 and C18:0 and
MUTFA such as C18:1 [33]. However, increased PUFA
content unfavorably impacts the cetane number and
oxidation stability of the biodiesel [31]. The FA compo-
sition of N. oleoabundans TAG consists of mainly C18:1
followed by C16:0 and C18:0 [22] (Fig. 6). Linolenic acid
(C18:3) proportion was below 12% which meets the
requirements of the European Standard EN 14214 for
biodiesel production [22, 34] (Fig. 6). In this study, SFA
C16:0 of transformant AR-DGAT2-40 increased double
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to 49%, PUFA was reduced triple to 8% (Fig. 6), thus the
altered FA composition will still maintain the good qual-
ity of N. oleoabundans biodiesel production.

Lipid quality in most of the microalgal species is not
good enough to be directly used as a substrate for pro-
ducing good quality biodiesel [16]. However, N. oleo-
abundans has been demonstrated to have the best
performance potential for biodiesel production, i.e.
growth characteristics, lipid content, fatty acid composi-
tion, acid value and iodine value that meets the require-
ments of the European Standard EN 14214 for biodiesel
production [22, 34]. Therefore, N. oleoabundans is a suit-
able renewable lipid source for biodiesel production.

Silencing of a foreign gene shortly after nuclear inte-
gration is not uncommon and often permanent [35, 36].
C. reinhardtii has been found to often silence or down
regulate the non-required heterologous genes when
expressed at high levels; the losses of trait or genetic
changes in C. reinhardtii cultures have been observed in
solid medium [16, 37]. Similar phenomenon of heterolo-
gous gene silencing has been observed in N. oleoabun-
dans; the green fluorescent protein (GFP) activity in the
transformants introduced with Gfp gene [25] seemed to
diminish when the transformants continuously main-
tained in solid BBM medium for over a year (Kitraksa
and Chungjatupornchai, unpublished observations). To
avoid heterologous gene silencing, in the present study,
endogenous NeoDGAT2 was transformed into N. oleo-
abundans for enhancing TAG accumulation. Transfor-
mants AR-DGAT2 and B2-DGAT2 were continuously
maintained in solid BBM medium for a long time; no
loss in higher lipid-accumulation than wild-type trait was
observed for over 100 generations in a period of about
4 years, indicating the NeoDGAT?2 overexpression stabil-
ity. Endogenous DGAT2 overexpression in C. reinhardtii
has been shown to neither boost TAG accumulation nor
alter the FA composition despite the higher levels of tran-
scripts observed that might be due to unknown negative
feedback inhibition [14]. However, such negative feed-
back inhibition was not observed in N. oleoabundans;
NeoDGAT2 overexpression altered FA composition and
markedly increased TAG production (Figs. 5, 6).

Conclusions

We successfully generated N. oleoabundans transfor-
mant overexpressing NeoDGAT2 with remarkably
accelerated and higher TAG content and productivity.
The TAG productivity in the transformant could be fur-
ther improved by optimizing the growth condition to
enhance biomass. A significantly altered fatty acid com-
position was detected in the transformant compared to
wild type. Long-term stability was observed in the trans-
formant continuously maintained in solid medium over
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100 generations in a period of about 4 years. Thus, the
increasing TAG content in N. oleoabundans, one of the
most suitable lipid sources for biodiesel production,
was achieved by targeted genetic engineering of the key
enzyme in TAG synthesis pathway, DGAT2. This may
offer the first step towards making microalgae an eco-
nomically feasible source for biodiesel production. The
strategy for genetically improved microalga presented
in this study can be applied to other microalgal species
possessing desired characteristics for industrial biofuel
production.

Methods

Strain and growth conditions

Neochloris oleoabundans strain UTEX 1185, obtained
from the Algal Culture Collection at the University of
Texas, was cultured in liquid or in solid (1.5% Difco Bacto
agar) Bold’s basal medium (BBM) [38, 39] at 30 °C under
constant illumination of 55-60 pmol photons/m?/s.
Cultures in liquid medium were inoculated with cells at
starting density of ~1.5 x 107 cells/mL (OD,5, = 0.3).
For cell growth under nitrogen (N)-sufficient condition,
cultures were maintained in 500 mL Erlenmeyer flasks
containing 150 mL of BBM; the flasks were sealed and
shaken at 100 rpm. Cell concentration of the cultures was
monitored using spectrophotometer for optical density
measurement at 750 nm and using hemocytometer for
cell counting. Doubling time of the cells was calculated
as described [22] using the formula ¢4 = In 2/p,,,, where
Hmax is the maximum specific growth rate, calculated as
the maximum slope from the plot of In OD versus cul-
ture time. For N-starvation condition I, the cells grown
in BBM at exponential phase were harvested, washed
and resuspended in 150 mL of BBM without NaNO,
(BBM-N) in 500 mL Erlenmeyer flasks supplied with 12
L/h bubbling-filtered air. N-starvation condition II for
enhancing growth was the same as condition I, except
cells were resuspended in 200 mL of BBM-N, shaken at
50 rpm and supplied with 50 L/h bubbling-filtered air.

Construction of transformation vectors

To construct NeoDGAT2 cDNA (GenBank: KJ470774)
under the control of HSP70-RBCS2 (AR) promoter of C.
reinhardtii [28] and B2-tubulin (82-Tub) promoter of C.
reinhardtii [29], plasmids pAR-DGAT?2 and pB2-DGAT?2
harboring the gene cassettes AR-NeoDGAT2-3'rbcS2
and (B2-Tub)-NeoDGAT2-3’rbcS2, respectively (Fig. 1a),
were constructed by replacing the AR-ChGfp-3'rbcS2
fragment of pChGFP-Hyg3 [25] with the PCR fragments
containing: (i) AR promoter from pCB740 [28] or 52-Tub
promoter from pHyg3 [40], (ii) NeoDGAT2 cDNA (Gen-
Bank: KJ470774) from pGEM-NeoDGAT?2 [11], and (iii)
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3'UTR of 3’rbcS2 from pCrGFP [41]. Both pAR-DGAT2
and pB2-DGAT?2 harbored selectable marker gene Hyg3
conferring hygromycin B resistance [25, 40].

Transformation of N. oleoabundans

To generate transformants overexpressing DGAT?2, plas-
mids pAR-DGAT?2 and pB2-DGAT2 were transformed
into the N. oleoabundans nuclear genome using elec-
troporation as described [25]. N. oleoabundans cells
were electroporated using a Gene Pulser (Bio-Rad Labs.)
set resistance at 200 (), capacitance at 25 pF and elec-
tric field strength at 1000 V/cm. The electroporated cells
were spread on a BBM agar plate containing 5 pg/mL
hygromycin B. The resulting transformants AR-DGAT2
and B2-DGAT?2 appeared after incubation for 2 weeks.

Genomic PCR analysis

The NeoDGAT2-expression cassettes integrated into
the nuclear genome of N. oleoabundans were veri-
fied using genomic PCR. The genomic DNA of N. oleo-
abundans was isolated as described [42]. Genomic PCR
was performed with primers DGAT2-F2 (CGGGATC-
CTAGCTAGCATGGCGGCTCAGCGCGGTTTCG)
and DGAT2-R2 (CCACAGACCTGCCCTTCTTCAGC)
specifically bind to NeoDGAT2 coding sequence. The
touchdown PCR was carried out 11 cycles for the first
phase (denature for 10 s at 98 °C, annealing 30 s at 80 °C
which was reduced by 1 °C every successive cycle until
70 °C, extension 30 s at 72 °C) and 25 cycles for second
phase (denature for 10 s at 98 °C, annealing 30 s at 70 °C,
extension 30 s at 72 °C), including initial denaturation for
3 min at 98 °C and final extension for 7 min at 72 °C. PCR
product was examined in a 1.5% agarose gel and further
confirmed by DNA sequencing analysis. The amplicon of
the NeoDGAT?2 coding sequence was 517 bp.

Nile red fluorescence assay and microscopy

To evaluate the level of neutral lipids, N. oleoabundans
grown under N-starvation condition I (~1.5 x 10" cells/
mL) was stained with fluorescent dye Nile red dissolved
in acetone to final concentration of 1 pug/mL and incu-
bated in the dark for 10 min. The fluorescence intensity
was measured in a 96-well plate using a spectrofluorom-
eter (Beckman Coulter DTX-880, USA) with excitation at
535 nm and emission at 574 nm. The observed intensities
were corrected by subtracting the fluorescence value dif-
ference in Nile red stained and unstained cells. Specific
fluorescence intensities were normalized by cell num-
bers. The lipid bodies in the cells stained with Nile red
were visualized under an inverted fluorescence micro-
scope (Nikon Eclipse Ti-S, Japan) with excitation at 420—
490 nm and emission at 520 nm.
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Quantitative real time PCR analysis

Relative NeoDGAT?2 transcript abundance was quantified
using quantitative real-time PCR (qPCR). Total RNA was
extracted from cells cultured under N-starvation condi-
tion I at stationary phase using TRI Solution (GeneMark,
Taiwan). The cDNA was prepared from the total RNA
using oligo (dT)18 primer and RevertAid H Minus First
Strand cDNA Synthesis Kit (Thermo Scientific, Canada).
The ¢cDNA was amplified by KAPA SYBR FAST qPCR Kit
(Kababiosystems, USA) using NeoDGAT2-gene specific
primers: DGAT-RT-F1 (GGCGACAAAGGTCTTCCTCC)
and DGAT-RT-R1 (GGCTCGTATCCGATTACAAAGG)
and endogenous Actin (NeoActin)-gene specific prim-
ers: NeoActin-F1 (ACACTGTGCCCATCTATGAGGG)
and NeoActin-R1 (CTTGATGTCACGCACGATTTCG).
Mastercycler realplex4 and realplex software (Eppendorf,
Germany) were used for the analysis. Fold difference of
transcript was calculated using the AACt method. The
NeoDGAT?2 transcript level was normalized to NeoActin
transcript used as a reference.

Lipid extraction and quantification

Total lipids of N. oleoabundans grown under N-starva-
tion condition were extracted based on Bligh and Dyer
method [43]. The cell pellet of 30 OD,5, (~50 mg) was
suspended in chloroform:methanol (2:1, v/v). The cells
were lysed using 0.5 mm glass beads with vortexing at
2700 rpm (Vortex Genie2 G560E, Scientific Industries,
USA), then chloroform:water (1:1, v/v) was added to the
mixture. Chloroform phase was collected and evaporated
using nitrogen gas. Total lipids were then determined
gravimetrically. TAG was subsequently separated from
total lipids by thin-layer chromatography (TLC) using the
solvent system hexane:diethyl ether:acetic acid (70:30:1,
v/v/v) and glyceryl trioleate (92860 Sigma-Aldrich, USA)
as a reference substance. Quantification of TAG stained
with iodine was performed using Quantity One 1-D
analysis software (Bio-Rad Labs., USA). Dry cell weight
(DCW) of a sample was determined gravimetrically after
drying N. oleoabundans cells. Total lipid and TAG content
was calculated as percentage of dry cell weight (% DCW).
The lipid productivity was calculated using the formula

Piipid (mg/L/day) = [Cripiq (mg/mg)
x DCW (mg/L)]/Time (day),

where Cp;,;q is lipid content of cells, DCW is dry cell
weight, and Time is the cultivation period, as described
[21].

Fatty acid composition analysis
To obtain fatty acid methyl esters (FAME), TAG extracted
from TLC was incubated with 5% (v/v) sulfuric acid in
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methanol at 70 °C for 3 h in the presence of glyceryl trino-
nadecanoate (91988 Sigma-Aldrich) used as internal
standard. FAME analysis was carried out using gas chro-
matography-flame ionization detector (GC-FID) (7890A
GC system, Agilent USA) equipped with Agilent DB-WAX
capillary column (30 m x 0.25 mm X 0.25 pm) and helium
as the carrier gas. The oven temperature was increased
from 50 to 200 °C at a rate of 28.5 °C/min, 200 to 240 °C at
a rate of 3.4 °C/min and held at 240 °C for 16 min. Supelco
37-component FAME mix (Supelco 47885-U, Sigma-
Aldrich) was used as the external standard to identify
retention time for specific FAME. Fatty acid composition
was calculated as percentage of the total fatty acids present
in the sample, determined from the peak areas.

Statistical analysis

To determine the statistical differences between wild
type (control) and transformant samples, two-tailed stu-
dent’s ¢ test was performed using SPSS Base 16.0 software
(SPSS, USA).
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Increased triacylglycerol production el

in oleaginous microalga Neochloris
oleoabundans by overexpression of plastidial
lysophosphatidic acid acyltransferase

Wipa Chungjatupornchai ®, Kanchanaporn Areerat and Sirirat Fa-Aroonsawat

Abstract

Background: Microalgae are promising sources of lipid triacylglycerol (TAG) for sustainable production of natural
edible oils and biofuels. Nevertheless, products derived from microalgal TAG are not yet economically feasible; increas-
ing TAG content via targeted genetic engineering of genes in TAG biosynthesis pathway are important to achieve
economic viability. To increase TAG content, oleaginous microalga Neochloris oleoabundans was genetically engi-
neered with the endogenous enzyme lysophosphatidic acid acyltransferase (NeoLPAAT1) responsible for plastidial
TAG biosynthesis

Results: Neol PAAT1 was found to contain all canonical motifs attributed to LPAAT proteins, two hypothetical mem-
brane-spanning domains and a putative chloroplast transit peptide, indicating as a member of plastidial LPAAT type 1
subfamily. The Neol PAATT-expression cassette integrated in N. oleoabundans transformant was confirmed by PCR. The
neutral lipid content in the transformant detected by Nile red staining was 1.6-fold higher than in wild type. The Neol-
PAATT transcript was twofold higher in the transformant than wild type. Considerably higher lipid quantity was found
in the transformant than wild type: total lipid content increased 1.8-to 1.9-fold up to 78.99 4 1.75% dry cell weight
(DCW) and total lipid productivity increased 1.8- to 2.4-fold up to 16.06 & 2.68 mg/L/day; while TAG content increased
2.1-to 2.2-fold up to 55.40 £ 5.56% DCW and TAG productivity increased 1.9- to 2.8-fold up to 10.67 ££2.37 mg/L/day.
A slightly altered fatty acid composition was detected in the transformant compared to wild type; polyunsaturated
fatty acid (C18:2) increased to 19% from 11%. Neol PAAT1-overexpression stability was observed in the transformant
continuously maintained in solid medium over 150 generations in a period of about 6 years.

Conclusions: Our results demonstrate the considerably increased TAG content and productivity in N. oleoabundans
by overexpression of plastidial Neol PAATT that are important for products derived from microalgal TAG to achieve eco-
nomic viability. Plastidial LPAAT1 can be a candidate for target genetic manipulation to increase TAG content in other
microalgal species with desired characteristics for production of natural edible oils and biofuels.

Keywords: Biofuels, Lysophosphatidic acid acyltransferase (LPAAT), 1-Acyl-sn-glycero-3-phosphate acyltransferase
(AGPAT), Microalgae, Lipids, Edible oils

Background edible oils as an alternative to plant derived oil [1, 2]
Microalgae are promising sources of lipid triacylg- and biofuels as an environmentally safe alternative to
lycerol (TAG) for sustainable production of natural fossil fuels [3, 4]; because they possess short life cycles,
perform photosynthesis, require non-arable land
. . and absorb a large amount of CO,. Nevertheless,
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economically produced at a commercial scale, one of
which is the lack of microalgal strains with high TAG
content [3, 5]. Increasing TAG content in microalgae
could be achieved by targeted genetic engineering of
genes in TAG biosynthesis pathway [4, 6, 7].

The TAG biosynthesis pathway in microalgae is not
yet fully understood but considered to be most simi-
lar to that operating in higher plants [8]. In the model
plant Arabidopsis thaliana and the model microalga
Chlamydomonas reinhardtii, two sets of homologous
enzymes catalyze two distinct and parallel TAG biosyn-
thesis pathways, one in the plastid (prokaryotic path-
way) and the other in the endoplasmic reticulum (ER;
eukaryotic pathway) [9-13]. The ER pathway has been
shown as an important route of TAG biosynthesis,
however, increasing evidence suggests that the plastid-
ial pathway also plays an important role in TAG biosyn-
thesis in C. reinhardtii [13, 14]. In TAG biosynthesis
pathway, lysophosphatidic acid acyltransferase (LPAAT
or LPAT; EC 2.3.1.51) also known as 1-acyl-sn-glycero-
3-phosphate acyltransferase (AGPAT) catalyzes the
acylation of the sn-2 position of lysophosphatidic acid
to generate a key intermediate, phosphatidic acid [15].
C. reinhardtii has been shown to possess CrLPAAT2
localized to ER membranes and CrLPAAT1 localized to
plastid [11, 16]. Overexpression of LPAATI for enhanc-
ing TAG accumulation has been attempted so far in
very few microalgal species. CrLPAATI overexpression
in C. reinhardtii led to >20% increase in oil content [11]
and LPAATI (AGPAT1I) overexpression in diatom Phae-
odactylum tricornutum led to increase in lipid content
by 1.81-fold [17]. However, no LPAATI overexpression
has been reported so far in oleaginous microalga Neo-
chloris oleoabundans.

Neochloris oleoabundans, a taxonomic synonym of
Ettlia oleoabundans [18], is a promising source of TAG;
because under nitrogen starvation condition, it produces
lipids 36—54% of its cell dry weight and up to 80% of its
total lipids is TAG [19]. However, the knowledge con-
cerning N. oleoabundans is very limited; no genomic
sequences are available. To enable targeted genetic
manipulation of TAG biosynthesis, the stable nuclear
transformation system of N. oleoabundans has been
established [20] and the cDNA encoding LPAAT1 of N.
oleoabundans (NeoLPAAT1) has been cloned [21].

In this study, we tested whether overexpression of
endogenous plastidial LPAATI would affect TAG bio-
synthesis in oleaginous microalga. The plastidial LPAATI
cDNA sequence of N. oleoabundans (NeoLPAATI)
was characterized. The NeoLPAATI-overexpressing N.
oleoabundans was generated and characterized with
regards to growth and neutral lipid accumulation in
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the cells, lipid content and productivity, and fatty acid
composition.

Results

Comparative homologue of NeoLPAAT1

The LPAAT cDNA of N. oleoabundans, cloned previ-
ously (GenBank: MF706164; protein id: AUS8446) [21],
was designated as NeoLAPAATI in this study. When
compared with the well characterized LPAAT1 of Chla-
mydomonas reinhardtii (CrLPAAT1) [11] and Arabidop-
sis thaliana (AtLPAAT1/AtATS2) [15] using ClustalW
program [22], NeoLPAAT1 was found to share high
level of amino acid sequence identity to CrLPAAT1
(46.8%) and AtLPAAT1 (37.3%) (Fig. 1a). All four canoni-
cal motifs attributed to LPAAT proteins [23]: motif I,
NH(X4)D; motif II, GVIFIDR; motif I1I, EGTR and motif
IV, IVPIVM were observed in NeoLPAAT1. Two hypo-
thetical membrane-spanning domains as predicted by
TMHMM v2.0 [24] were also detected in NeoLPAAT1
(highlighted with yellow in Fig. 1a). In addition, N-ter-
minus of NeoLPAAT1, as predicted by PredAlgo [25],
contained a putative chloroplast transit peptide (~69
amino acids, highlighted with red in Fig. 1a), suggesting
that NeoLPAAT1 could be targeted to the chloroplast of
N. oleoabundans. Therefore, the results indicated that
NeoLPAAT1 is a homolog of the plastidial LPAAT1 of C.
reinhardtii and A. thaliana. In the phylogenetic tree con-
structed using MEGA 7 [26], NeoLPAAT1 sharing 66.0%
amino acid identity to Chlorella variabilis CvLPAAT1
was grouped in the same clade (Fig. 1b), suggesting that
NeoLPAAT1 possessed the closest evolutionary relation-
ship with CvLPAAT1.

Selection of N. oleoabundans transformants

Neochloris oleoabundans was electroporated with
plasmids pAR-LPAAT and pB2-LPAAT containing
NeoLPAATI ¢DNA under the control of promoters
HSP70-RBCS2 (AR) and S2-tubulin (52-Tub), respec-
tively (Fig. 2a). These promoters have been shown
to function in N. oleoabundans [20, 27]. The result-
ing transformants AR-LPAAT and B2-LPAAT were
selected on BBM agar supplemented with hygromycin
B. To screen for clones with potential high-neutral-
lipid accumulation, about 100 colonies selected from
each plasmid transformation were grown on BBM
agar plates for 14 days and then stained with Nile red
yielding intensely fluorescence in a neutral lipid envi-
ronment [28]. Transformants AR-LPAAT-48, AR-
LPAAT-90, B2-LPAAT-38 and B2-LPAAT-46 found to
have high Nile red fluorescence intensity were selected
for subsequent experiments.
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Fig. 1 Comparison of NeoLPAAT1 with other plastidial LPAAT1. a Sequence alignment of CrLPAAT1, AtLPAAT1 (ATS2) and NeoLPAAT1. The amino
acid sequences of CrLPAAT1 (Chlamydomonas reinhardtii, Uniprot: A8J0J0), AtLPAAT1 (Arabidopsis thaliana, Uniprot: Q8GXU8) and NeoLPAATT (N.
oleoabundans, GenBank protein id: AUS8446) were aligned using ClustalW algorithm [22]. The chloroplast transit peptides of CrLPAAT1, AtLPAAT1
[15] and NeoLPAAT1 predicted using PredAlgo [25] are highlighted in red. Membrane-spanning domains predicted by TMHMM [24] are highlighted
in yellow. Conserved and similar residues are indicated by black and gray boxes, respectively. The conserved motifs |, I, Il and IV [23] are indicated.
The highly conserved residues in the motif are indicated by asterisks. b Phylogenetic analysis of Neol PAAT1. The phylogenetic tree was constructed
using MEGA 7 [26]. The percentage of neighbor-joining boot strap replications is shown above each node. Scale bar indicates 0.1 amino acid
substitutions per site. Green algae: NeoLPAAT1 (N. oleoabundans, GenBank protein id: AUS8446), CvLPAAT1 (Chlorella variabilis, Uniprot: E1ZQN6),
CrLPAAT1 (C. reinhardtii, Uniprot: A8J0J0), VCLPAAT1 (Volvox carteri, Uniprot: D8U1V6) and OILPAAT1 (Ostreococcus lucimarinus, Uniprot: A4SOHO0). Red
alga: CmLPAAT1 (Cyanidioschyzon merolae, Uniprot: M1V4N2). Diatom: PtLPAAT1 (Phaeodactylum tricornutum, Uniprot: B7FQL9). Plants: AtLPAATT (A.
thaliana, Uniprot: Q8GXU8) and BNLPAAT1 (Brassica napus, Uniprot: QILLY4)

Detection of NeoLPAAT1-expression cassette integration

The integration of NeoLPAATI-expression cassettes
in N. oleoabundans was analyzed using genomic PCR
with primers specific to NeoLPAAT1 coding sequence.
The expected 943-bp amplicon was detected in the
selected transformants: AR-LPAAT-48, AR-LPAAT-90,

B2-LPAAT-38 and B2-LPAAT-46, but not in wild type
(Fig. 2b). The 943-bp amplicon subjected to DNA
sequencing was confirmed to be NeoLPAATI coding
sequence. Therefore, the NeoLPAATI-expression cas-
settes were successfully introduced into the transfor-
mants. The amplicon from the resident NeoLPAAT gene
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Fig. 2 Generation of N. oleoabundans transformants. a Schematic map of plasmids pAR-LPAAT and pB2-LPAAT used for electroporation in N.
oleoabundans. The NeoLPAATT cDNA (GenBank accession no.: MF706164) [21] was expressed under the control of either promoter AR (HSP70-RBCS2)
[44] or B2-Tub (B2-tubulin) [45) and harbored 3”rbcS2 [47] at 3’end. Hyg3 gene, used as selectable marker [20, 46]. The 943-bp PCR amplicon,
denoted by a line. b Genomic PCR detection of transformants harboring the NeoLPAAT1-expression cassettes. Genomic PCR of transformants
AR-LPAAT, B2-LPAAT and wild type was performed with primers specifically bind to NeoLPAATT coding sequence. The 943-bp amplicon was
detected in the transformants but not in wild type (used as negative control). Lanes M, 100-bp DNA ladder; C+, plasmid pAR-LPAAT (used as

positive control)
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including introns was 1865 bp. Because one of the two
primers used in this PCR was located on two exons, the
resident NeoLPAATI gene was not amplified. The PCR-
positive transformants were further analyzed for growth
characteristics.

Growth of the transformants

To evaluate the effect of NeoLPAATI overexpression
on growth, we analyzed the growth curve under nitro-
gen-sufficient (4+N) condition of the transformants. All
selected transformants showed overall similar growth
compared to wild type, whereas slightly lower growth
during the stationary phase (Fig. 3a). The doubling
time during exponential growth of the transformants
(4-5 days) was not significantly different from that of
wild type (at p<0.02). Therefore, NeoLPAATI overex-
pression did not have an apparent effect on growth of the
selected transformants AR-LPAAT-48, AR-LPAAT-90,
B2-LPAAT-38 and B2-LPAAT-46.

Neutral lipids of the transformants

To investigate the potential high-lipid production of
the selected transformants, neutral lipids in the cells
during+N growth condition were monitored by Nile
red staining. The exponential growth of N. oleoabun-
dans has been shown to accompany the decrease in N

concentration; N-limited growth can stimulate the cells
to produce more lipids [29]. The levels of neutral lipid
accumulation in transformants AR-LPAAT-48, AR-
LPAAT-90, B2-LPAAT-38 and B2-LPAAT-46 were dif-
ferent; they were higher than that in wild type (Fig. 3b).
Whether the different levels of neutral lipid accumulation
in the transformant clones are due to copy number or
integration positional effect of the NeoLPAATI-expres-
sion cassettes remains to be investigated. Among the
transformants, B2-LPAAT-46 was found to reach maxi-
mum neutral lipid content (day 33) earlier than wild
type (day 38) and have the highest neutral lipid content
which increased to 1.6-fold compared to the maximum
content in wild type (Fig. 3b). Therefore, transformant
B2-LPAAT-46 was selected for subsequent experiments.

Evaluation of NeoLPAATT1 transcript

The up-regulated LPAAT (AGPAT) transcripts
response to N-starvation has been observed by tran-
scriptomic analysis of N. oleoabundans [30]. To evaluate
whether the NeoLPAAT1-expression cassette integrated
in the transformant expressed at transcriptional level, the
relative NeoLPAAT1I transcript abundance in the trans-
formant B2-LPAAT-46 cultured under —N condition
was determined by quantitative real-time PCR (qPCR)

in
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using NeoActin transcript as a reference. Transformant
B2-LPAAT-46 was observed to have NeoLPAATI tran-
script increased twofold compared to wild type (Fig. 4),
indicating that the increased transcript was enhanced by
overexpression of NeoLPAAT1I.

Lipid productivity analysis

Transformant B2-LPAAT-46 and wild type were not sig-
nificantly different in doubling time under+N growth
condition, followed by N-limited growth that stimulated
neutral-lipid accumulation at maximum level on day 33
and 38, respectively (Fig. 3a, b). Neochloris oleoabun-
dans, like many microalgae, accumulates neutral lipids
under N-starvation condition [19, 29, 31]. To acceler-
ate the lipid production, transformant B2-LPAAT-46
and wild type were cultured under —N condition and
the neutral-lipid accumulation as monitored by Nile red
staining reached maximum level on about day 18 to 20.
The dried cells were determined gravimetrically as dry
cell weight (DCW). Biomass under —N condition was
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not significantly different between the transformant
B2-LPAAT-46 (461+£65 mg DCW/L) and wild type
(462£27 mg DCW/L) (p<0.05). Thus, the biomass was
not affected by NeoLPAATI overexpression. Lipid analy-
sis was performed in transformant B2-LPAAT-46 and
wild type cultured under+N and —N condition with the
maximum neutral lipid accumulation monitored by Nile
red staining. Because TAG is the major component for
natural edible oil and biofuel production, the TAG con-
tent separated from total lipids using thin-layer chroma-
tography (TLC) was quantified. Up to 70% of total lipids
extracted from transformant B2-LPAAT-46 and wild type
were TAG (Fig. 5a). The lipid content and productivity in
transformant B2-LPAAT-46 were compared to wild type:
under +N condition, total lipid content in transformant
(20.8+3.4% DCW) increased 1.9-fold, TAG content
(11.55+£3.2% DCW) increased 2.2-fold, total lipid pro-
ductivity (8.61+1.39 mg/L/day) increased 2.4-fold, TAG
productivity (4.77+1.32 mg/L/day) increased 2.8-fold;
under —N condition, total lipid content in transformant
(78.99+1.75% DCW) increased 1.8-fold, TAG content
(55.40£5.56% DCW) increased 2.1-fold, total lipid pro-
ductivity (16.06+£2.68 mg/L/day) increased 1.8-fold,
TAG productivity (10.67 £2.37 mg/L/day) increased 1.9-
fold (Fig. 5a, b). Therefore, transformant B2-LPAAT-46
was observed to considerably increase in lipid accumula-
tion when compared to wild type: the total lipid content
and productivity increased 1.8- to 1.9-fold and 1.8- to
2.4-fold, respectively; while the TAG content and pro-
ductivity increased 2.1- to 2.2-fold and 1.9- to 2.8-fold,
respectively (Fig. 5a, b). NeoLPAAT1 overexpression dra-
matically increased TAG content in the microalga.

Fatty acid composition analysis

Because fatty acid (FA) composition can affect the qual-
ity and cost of natural edible oils and biofuels, we eval-
uated whether NeoLPPATI1 overexpression would have
any effect on FA composition. TAG was extracted from
transformant B2-LPAAT-46 and wild type under +N
condition harvested on day 33 and 38, respectively.
Fatty acid methyl esters (FAME) obtained by trans-
esterification of TAG were analyzed using GC-MS
(Fig. 6). FAME in the chain-length range of C14-C20
was determined by comparison with the standard refer-
ence. The palmitic acid (C16:0) and oleic acid (C18:1)
were the most abundant FA in the TAG (Fig. 6). The
linoleic acid (C18:2) in transformant B2-PLAAT-46
compared to wild type increased to 19% from 11%; the
rest is not significantly different. The overall saturated
fatty acid and monounsaturated fatty acid were not sig-
nificantly different from the wild type, whereas poly-
unsaturated fatty acid was increased to 20% from 11%
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(Fig. 6). Thus, a slight alteration of the FA composition
in transformant B2-LPAAT-46 was due to overexpres-
sion of NeoLPAATI.

Long-term stability of transformants

Transformants AR-LPAAT and B2-LPAAT were sub-
cultured (every 2 weeks) in solid BBM over 150 gen-
erations in a period of about 6 years. Neutral lipid
accumulation in the transformants were periodically
checked by Nile red staining; higher lipid-accumulation
than wild-type trait was observed in all transformants
used in this study, indicating the NeoLPAATI overex-
pression stability.

Discussion

This study is based on the overexpression of endogenous
plastidial NeoLPAATI in N. oleoabundans to increase
TAG accumulation for sustainable production of natural
edible oils and biofuels. The plastidial LPAAT of C. rein-
hardtii and the putative plastidial LPAAT of other micro-
algae with sequenced genomes, including Volvox carteri,
Ostreococcus lucimarinus and Coccomyxa subellipsoidea,
belongs to the same subcluster as LPAAT1 from cyano-
bacteria and plants, suggesting a common origin of the
plastidal isoform of LPAAT1 [11, 32]. Similar to the
well characterized CrLPAAT1 of the model microalga
C. reinhardtii [11] and AtLPAAT1 of the model plant
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Arabidopsis thaliana [15], plastidial NeoLPAAT1 was
found to contain all four canonical motifs attributed to
LPAAT proteins, two hypothetical membrane-span-
ning domains and a putative chloroplast transit pep-
tide (Fig. 1a). NeoLPAAT1 had the closest evolutionary
relationship with CvLPAAT1 of Treboxiophycean C.
variabilis but was quite distantly related to CrLPAAT1
of Chlorophycean C. reinhardtii (Fig. 1b). This result is
consistent with previous report that diacylglycerol acyl-
transferase type 2 (NeoDGAT?2) of N. oleoabundans has
the closest evolutionary relationship with CvDGAT?2 of
C. variabilis but is quite distantly related to CrDGAT2A
(DGTT4) of C. reinhardtii [33]. However, N. oleoabun-
dans has been classified based on uninucleate cell mor-
phology to class Chlorophyceae [34]. Classification of
N. oleoabundans using 18S and 28S rDNA sequence
remains to be verified. N. oleoabundans possesses ER-
located NeoDGAT?2 [33] and plastidial NeoLPAAT1 (in
this study), suggesting the existence of two distinct and
parallel TAG biosynthesis pathways. Similar incidents
of duplicated sets of TAG assembly enzymes have been
observed in C. reinhardtii: CrLPAAT1 and CrDGAT1
located in plastid [11, 35], and CrLPAAT?2 and CrDGAT?2
located in ER [16, 36].

Among the NeoLPAATI-overexpressing transformants,
B2-LPAAT-46 exhibited the highest neutral lipid con-
tent which increased to 1.6-fold compared to the maxi-
mum content in wild type (Fig. 3b). The lipid content
and productivity were dramatically increased under —N
condition when compared to+N condition: in transfor-
mant B2-LPAAT-46, total lipid content and productivity
increased 3.8- and 1.9-fold, respectively, TAG content
and productivity increased 4.8- and 2.2-fold, respec-
tively; in wild type, total lipid content and productivity
increased 3.9- and 2.5-fold, respectively, TAG content
and productivity increased 4.9- and 3.2-fold, respectively
(Fig. 5a, b). The results agreed well with previous report
that N. oleoabundans begins accumulating lipids with
the application of minimal N starvation, just following
exhaustion of exogenous N. In addition, N. oleoabundans
exhibits only a small decrease in growth and drastically
higher lipid content under N starvation condition; con-
current growth and lipid accumulation result in higher
lipid productivity [37]. Lipid productivities of wild type
and transformant B2-LPAAT-46 may further increase
when the cells cultured under optimal conditions.
The lipid productivities of N. oleoabundans have been
reported with different experimental conditions result-
ing in large variations in performance, i.e. total lipid pro-
ductivities vary from 9 to 134 mg/L/day [27, 29, 37, 38]
and TAG productivities vary from 6 to 216 mg/L/day [27,
39], making it difficult to compare the reports with each
other. The TAG content of 55.40 £5.56% DCW produced
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by the transformant in this study (Fig. 3b) was the high-
est in comparison to those produced by LPAATI-over-
expressing microalgae reported so far [11, 17] and also
20% higher than that (46.1+1.6% DCW) produced by
N. oleoabundans overexpressing NeoDGAT2 [27]. The
results suggest that the plastidial pathway also plays an
important role in TAG biosynthesis in N. oleoabundans.
The FA composition in transformant B2-LPAAT-46 was
slightly altered; the linoleic acid (C18:2) increased to 19%
from 11% when compared to wild type (Fig. 6). Whether
C18:2-acyl-CoA is a preferred substrate of NeoLPAAT1
remains to be determined.

Silencing or down regulation of the non-required het-
erologous genes when expressed at high levels has been
reported in C. reinhardtii [40, 41]. Heterologous gene
silencing has also been observed in N. oleoabundans;
when the transformants introduced with Gfp gene [20]
continuously maintained in solid BBM medium for over
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a year, the green fluorescent protein activity seems to
diminish [27]. However, overexpression of endogenous
NeoDGAT2 in N. oleoabundans has been shown to be
stable [27]. Therefore, to avoid heterologous gene silenc-
ing, endogenous NeoLPAAT1 was used in this study.
Transformants AR-LPAAT and B2-LPAAT were continu-
ously maintained in solid BBM over 150 generations in
a period of about 6 years. All transformants used in this
study were periodically checked for neutral lipid accumu-
lation by Nile red staining and found to have higher lipid
accumulation than wild-type, indicating the NeoLPAAT1
overexpression stability.

Conclusions

We characterized the plastidial NeoLPAAT1 sequence
and successfully created N. oleoabundans transformant
overexpressing NeoLPAAT1 with considerably increased
TAG content and productivity. A slightly altered fatty
acid composition was detected in the transformant
compared to wild type. Stability of NeoLPAATI over-
expression was observed in the transformant continu-
ously maintained in solid medium over 150 generations
in a period of about 6 years. The considerably increased
TAG content and productivity in N. oleoabundans by
overexpression of NeoLPAATI are important for prod-
ucts derived from microalgal TAG to achieve economic
viability. Plastidial LPAAT1 can be a candidate for target
genetic manipulation to increase TAG content in other
microalgal species with desired characteristics for pro-
duction of natural edible oils and biofuels.

Methods

Strain and growth conditions

Neochloris oleoabundans strain UTEX 1185, obtained
from the Algal Culture Collection at the University of
Texas, was cultured in liquid or in solid (1.5% Difco
Bacto agar) Bold’s basal medium (BBM) [42, 43] under
constant illumination of 55-60 pmol photons/m?/s at
30 °C. Cultures in liquid medium started with cells at
density of~1.5x 107 cells/mL (OD,5,=0.3). For cell
growth under nitrogen-sufficient (4+N) condition, cul-
tures were maintained in 500 mL Erlenmeyer flasks
containing 200 mL of BBM; the flasks were sealed and
shaken at 100 rpm. Cell density of the cultures was
evaluated using hemocytometer for cell counting and
spectrophotometer for OD,.,. Doubling time of the
cells was calculated as described [29]. For nitrogen-
starvation (—N) condition, the cells grown in BBM at
exponential phase were harvested, washed and resus-
pended in 200 mL of BBM without NaNO; (BBM-N)
in 500 mL Erlenmeyer flasks, shaken at 50 rpm and
supplied with 50 L/h bubbling-filtered air.
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NeoLPAAT1 sequence analysis

The 1,023-bp LPAAT cDNA sequence of N. oleoabun-
dans encoding 340 amino acids (GenBank: MF706164;
protein id: AUS8446) has been cloned previously as
plasmid pYES2-FLPAT34 [21]. We designated this
protein as NeoLPAAT1. To further analyze the NeoL-
PAAT1 sequence, various methods were performed
as follows. The NeoLPAAT1 was aligned with other
LPAATI1 using ClustalW multiple alignment program
[22]. The membrane-spanning domains were predicted
by TMHMM v2.0 [24]. The chloroplast transit peptide
of the NeoLPAAT1 was predicted using PredAlgo [25].
The phylogenetic tree of NeoLPAAT1 was constructed
using the neighbor-joining method in MEGA 7 [26].

Construction of transformation vectors

To construct NeoLPAATI cDNA under the control of
promoters HSP70-RBCS2 (AR) [44] and B2-tubulin
(52-Tub) [45] of C. reinhardtii, plasmids pAR-LPAAT
and pB2-LPAAT harboring the gene cassettes AR-
NeoLPAAT1-3rbcS2 and (B2-Tub)-NeoLPAAT1-3’rbcS2,
respectively (Fig. 2a), were constructed by replacing the
AR-ChGfp-3’rbcS2 fragment of pChGFP-Hyg3 [20] with
the PCR fragments containing: (i) AR promoter from
pCB740 [44] or B2-Tub promoter from pHyg3 [46] (ii)
NeoLPAAT1 cDNA (GenBank: MF706164) from pYES2-
FLPAT34 [21], and (iii) 3’UTR of 3rbcS2 from pCrGFP

[47]. Both pAR-LPAAT and pB2-LPAAT contained
hygromycin B resistance gene Hyg3 [20, 46] used as a
selectable marker.

Transformation of N. oleoabundans

To generate transformants overexpressing NeoLPAATI,
plasmids pAR-LPAAT and pB2-LPAAT were trans-
formed into the N. oleoabundans nuclear genome using
electroporation as described previously [20]. N. oleo-
abundans cells were electroporated using a Gene Pulser
(Bio-Rad Labs) set electric field strength at 1000 V/cm,
capacitance at 25 pF and resistance at 200 Q. The elec-
troporated cells were spread on a BBM agar plate con-
taining 5 pg/mL hygromycin B. After incubation for
2 weeks, the resulting transformants AR-LPAAT and
B2-LPAAT appeared.

Genomic PCR analysis

The integration of NeoLPAATI-expression cassettes in
the nuclear genome of N. oleoabundans were verified
using genomic PCR. The genomic DNA of N. oleoabun-
dans was isolated as described [48]. PCR was performed
with primers specific to NeoLPAATI coding sequence:
LPAAT-F1 (CGGGATCCTAGCTAGCATGCTGTGCCC
CACTGTCG) and LPAAT-R10 (GATGGCAGGGTG
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AATCACGAGTTTAACTTTGCCTGG). The touch-
down PCR was carried out 11 cycles for the first phase
(denature at 98 °C for 10 s, annealing at 80 °C for 30 s
with a 1 °C decrease in every successive cycle, extension
at 72 °C for 30 s) and 25 cycles for second phase (denature
at 98 °C for 10 s, annealing at 70 °C for 30 s, extension at
72 °C for 30 s, including initial denaturation at 98 °C for
3 min and final extension at 72 °C for 7 min). The PCR
product was investigated in a 1.5% agarose gel and fur-
ther verified by DNA sequencing analysis. The amplicon
of the NeoLPAAT1 coding sequence was 943 bp.

Nile red fluorescence assay

To analyze the level of neutral lipids, cells grown
under +N condition (~1.5x 107 cells/mL) was stained
with fluorescent dye Nile red dissolved in acetone to final
concentration of 1 pg/mL and incubated in the dark for
10 min. The fluorescence intensity of the stained cells in
a 96-well plate was determined using a spectrofluorom-
eter (Beckman Coulter DTX-880, USA) with excitation
at 535 nm and emission at 574 nm. Specific fluorescence
intensities were obtained by subtracting the autofluo-
rescence of the unstained cells and normalized by cell
numbers.

Quantitative real time PCR analysis

Relative NeoLPAATI transcript abundance was quan-
tified using quantitative real-time PCR (qPCR). Total
RNA was extracted from cells cultured under —N condi-
tion for 1 day using TRI Solution (GeneMark, Taiwan).
The cDNA was prepared from the total RNA with oligo
(dT)18 primer using RevertAid H Minus First Strand
cDNA Synthesis Kit (Thermo Scientific, Canada). The
c¢DNA was amplified using KAPA SYBR FAST qPCR Kit
(Kababiosystems, USA) with NeoLPAATI-gene specific
primers: LPAAT-RT-F1 (GAGCTTCCTGGACATTTA
CACGC) and LPAAT-RT-R1 (CAGCTCGCTGCATTG
TTTTAGG); and endogenous Actin (NeoActin)-gene
specific primers: NeoActin-F1 (ACACTGTGCCCATCT
ATGAGGG) and NeoActin-R1 (CTTGATGTCACGCAC
GATTTCG). Quantitative RT-PCR analysis was per-
formed using Mastercycler realplex4 and realplex soft-
ware (Eppendorf, Germany). The NeoLPAATI transcript
level was normalized to a reference, NeoActin transcript.

Lipid extraction and quantification

Total lipids of N. oleoabundans grown under +N and —N
condition were extracted based on modified Bligh and
Dyer method [49]. The cell pellet of approximately 80 mg
(50 OD,5;) was suspended in chloroform:methanol (1:2,
v/v). The cells were lysed using vortexing at 2700 rpm
(Vortex Genie2 G560E, Scientific Industries, USA)
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including 0.5 mm glass beads, then chloroform:water
(1:1, v/v) was added to the mixture. Chloroform phase
was collected and evaporated using nitrogen gas. Total
lipids were determined gravimetrically. The TAG was
subsequently separated from total lipids using thin-
layer chromatography (TLC) with solvent hexane:diethyl
ether:acetic acid (70:30:1, v/v/v) and a reference sub-
stance, glyceryl trioleate (92860 Sigma-Aldrich, USA).
TAG was quantified using iodine staining and Quan-
tity One 1-D analysis software (Bio-Rad Labs., USA).
Total lipid and TAG content was calculated as percent-
age of dry cell weight (% DCW). DCW of a sample was
determined gravimetrically after drying the cells. The
lipid productivity was calculated using the formula
Pyipia (mg/L/day)=[Cy;q (mg/mg) x DCW (mg/L)]l/
Time (day), where C;;,q is lipid content of cells, DCW
is dry cell weight, and Time is the cultivation period, as
described [27, 38].

Fatty acid composition analysis

To generate fatty acid methyl esters (FAME) by trans-
esterification, TAG extracted from TLC was incubated
with 5% (v/v) sulfuric acid in methanol at 70 °C for 3 h
in the presence of an internal standard, glyceryl trino-
nadecanoate (91988 Sigma-Aldrich). FAME analysis
was carried out using GC-MS (Agilent 7890A GC sys-
tem and Agilent 5975C inert XL MSD with Triple-Axis
Detector) equipped with Agilent DB-WAX column (30 m
length, 0.25 mm i.d., 0.25 um film thickness). The oven
temperature was increased from 50 to 250 °C at a rate
of 3 °C/min, the injector and detector temperature were
240 °C and 250 °C, respectively. Helium was used as the
carrier gas at flow rate of 1 mL/min. The mass spectra
were analyzed using MSD ChemStation software (version
E.02.00.493, Agilent) and compared with the NIST08.L
database. Fatty acid composition was calculated as per-
centage of the total fatty acids present in the sample.

Statistical analysis

The statistical differences between wild type (used as
control) and transformant samples were analyzed using
two-tailed student’s ¢ test of SPSS Base 16.0 software
(SPSS, USA).

Abbreviations

LPAAT: lysophosphatidic acid acyltransferase; AGPAT: 1-acyl-sn-glycero-3-phos-
phate acyltransferase; DGAT: diacylglycerol acyltransferase; DCW: dry cell
weight; GC-MS: gas chromatography-mass spectrometry; N: nitrogen; gPCR:
quantitative real-time PCR; FA: fatty acids; FAME: fatty acid methyl ester; MUFA:
monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; SFA: saturated
fatty acid; TAG: triacylglycerol; TLC: thin-layer chromatography.
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