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Introduction

including Chlamydomonas reinhardtii, Dunaliella tertiolecta and Chlorella
protothecoides, among others [Chen et al. 2011].

The genus Chlorella has been extensively used as an experimental organism. It has
been employed as a mode rganism to study the heterotrophic growth and its impact
on lipid profiles, where the CO, fixation rates of Chlorella sp. were measured [Chen
and Johns 1991], as well as the efficiency of light transmission when grown on
photobioreactors [Hirata et al. 1995]. The green microalga Chlorella saccharophila has
been previously employed on a diverse range of studies. Maruyama et al. [1994]
applied the electroporation technique to transform C. saccharophila with plasmid
pBI221 carrying the gene GUS, which was use s a reporter and determined the
optimum conditions to introduce foreign genes into C. saccharophila. Jonsson et al.
[2001] examined C. saccharophila as a biomarker for the insecticide pyridaphention in
order to stablish a toxicity database. Recently, C. saccharophila was proposed as a
suitable source of oil for biodiesel production due to its high biomass productivity and
levels of TAGs [Herrera-Valencia et al. 2011]. The study by Herrera-Valencia et al.
[2011] was the first one to consider C. saccharophila as a biofuel producer.
Nevertheless, several limitations need to be overcome in order to scale-up the
microalgae culture to an industrial level; such as the need to develop economically
feasible methods to harvest cells, the difficult and variable conditions on open-pond
environments, light penetrance, the constant threat of invasive species, and
importantly, an efficient production of Triacilglycerides (TAGs), which are the raw
material for biodiesel productic... There is no doubt that vegetable crops have been of
vital importance for the development of civilizations. Human civilizations have had the
time to modify the characteristics of those organisms for their own benefit. The same
strategy is necessary to be applied to microalgae, but using genetic engineering tools
to accelerate the process [Radakovits et al. 2010).

Understanding and modifying the metabolic route for the production of TAGs on plants
and microalgae have been of special interest on recent years, because of their
importance in the production of biodiesel [Huang et al. 2009; Durrett et al. 2008]. In this
regard, the last step in biosynthesis of TAGs is catalyzed by the enzyme Diacylglycerol
acyltransferase (DGA  Genetic modifications of this enzyme have proved to improve
levels of TAGs on both plants [Lung and Weselake 2006; Lardizabal et al., 2008] and
microalgae [Wagner et al. 2010].

The aim of the present study was to isolate and characterize one DGAT homologue
gene from the microalga C. saccharophila, and to clone it in an expression cassette
under a constitutive strong promoter for further functional analysis to determine its role

on TAG synthesis in this microalga.
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adenine dinucleotide (NADH) dehydrogenases and at least two alternative terminal
oxidases [Funes et al. 2007].

1.1.5 Microalgae as a lipid source for biofuels production
A biofuel can be de :d as a material used as fuel composed of or made from
biological matter. The first generation of biofuels comprises those synthesized using
TRt e et MEe s sbeeob o= --qrs. These biomolecules can be
bioethanol. Lipids and fat on the
into biodiesel [Biofuel 2010].
they have not been (and certainly
d due to serious limitations, both
ies on the competence that exists
al lands with the objective of using

drred, as well as an increment on

ecent matter. Since the beginnings

ine gas from algae. This process
tried to use waste water as both medium and nutrient source for these organisms.
During 1970, the US Department of Energy (DOE) and its coworkers financed these
studies for the waste water management and energy production. It was a way to cope
with two issues: environmental 2and ¢.._ getic [Sheehan ef al. 1998]
As previously stated, the mol_ _ . es needed to make biofuels are sugars (Starch) and
lipids. When it comes to the second ones, the primarly used are the Triglycerides
(TAGs). Microalgae are able to produce these kinds of lipids, each species has a
different lipid profiles and it depends on environment: onditions how would these
profiles perform. Different strategies can be carried on in order to modify such profiles
[Sheehan et al. 1998]. TAGs consist of a glycerol joined to three long-chain fatty acids;
which must be treated with an energy-demanding process called transester..._ation to
produce Fatty Acids Methyl/Ethyl Esters (FAME or FAEE respectively): Here, using
temperature and NaOH as catalyst, the fatty acids are split from the glycerol and
rejoined to an acyl-acceptor (ethanol or methanol) to obtain biodiesel [Korus et al.
2001]. Table 1.1 shows some of the species of microalgae employed on studies
focused on production of TAGs or on total lipid productivity.
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its two catalytic activities, biotin carboxylase and carboxyltransferase. The most
important function of ACC is to provide the malonyl-CoA substrate for the biosynthesis
of fatty acids) from Arabidopsis on potato tubers amyloplasts. An increase in the fatty
acid synthesis and TAGs production by 5-fold was possible using this approach. This
demonstrated that ACCase may be playing an important role on lipid biosynthesis in
tissues that normally do not use lipids as energy storage [Klaus et al. 2004]. However,
when this approach was used on microalgae, it did not have the same results.
Dunahay et al. [1995] managed to overexpress native ACCase in the diatom C.
cryptica. Even though there was a 2- or 3-fold increase in ACCase activity, no
increased lipid production could be observed.

Interestingly, while over-expression of genes related to fatty acid biosynthesis may not
have a significant role increasing TAGs content, the over expression of genes involved
in TAGs biosynthesis pathway has had promising results. For example, Brassica napus
(rapeseed) over-expressing a yeast gene coding for glycerol-3-phosphate
deshydrogenase (GPDH) had a three- to fourfold increase on the activity on this
enzyme and the seed-oil content was also increased up to 40% [Vigeolas et al. 2007].
G3PDH reduces dihydroxyacetone 3 phosphate (DHAP) to glycerol-3-phosphate
(G3P), which is a precursor for the glyceride synthesis. Transgenic expression of the
enzyme DGAT has also had success increasing TAGs content. Lardizabal et al. [2008]
introduced a fungal Umbelopsis rumanniana DGAT2A gene on Glycine max (soy) and
expressed it during seed development. The absolute oil increase was 1.5% by weight

on mature seed.

1.1.8 Enhanced lipid synthesis on microalgae

According to Hu et al. [2008], TAGs are primarily a source of energy on microalgae and
does not have structural functions like other lipids. It is also suggested that
biosynthesis of TAGs may respond to stress conditions. And so, most of the work done
to date to increase the biomass/lipid content has been focused on modifying or altering
microalgae culturing and harvesting conditions, as well as the effect on several stress

factors. Table 1.2 shows some examples.
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1956]. It has been reported that this enzyme is committed in performing such activity.
To date, three different DGAT families have been described (Table 1.3).

Table 1.3 Organisms where each DGAT family were initially discovered

Discovered on Localization Reference
DGAT1 Mus musculus ER Cases et al., 1998
DGAT2 Mortierella ramanniana ER Lardizabal et al., 2001
DGAT3 Arachis hypogaea Cytosol Saha et al., 2006

In one study carried out to prove the importance of DGAT on TAGs formation, Jako et
al. [2001] performed a complementation with a wild-type DGAT? on A. thaliana that
had been impaired by a sited directed mutagenesis. This mutation resulted on a seed
oil reduction, a decreased in enzyme activity and a retarded seed development. When
these mutants had their DGAT gene restored by transformation, these parameters
returned to an activity comparable to the wild type. In addition, the authors observed an
increase on TAGs formation when they performed this transformation on the wild type
with an increase on the enzyme activity [Jako 2001].

Regarding DGAT2, a recent research by Banilas et al. [2011] revealed that DGAT2 on
Olea europaea (olive) may be a key mediator of higher oil yields in ripening mesocarps,
where oil droplets increase in size and TAGs are still accumulating. It was also
observed that this enzyme was expressed in leaves and in vascular and tapetum cells
of flowers.

The differences between these two DGATs depend on the organism where they are
compared. For example, on Vemicia fordii (Tung tree) DGAT2 is induced in developing
seeds at the time the oil biosynthesis begins [Shockey et al. 2006] and DGAT1 is
expressed in several tissues at similar levels. On the other hand, the study performed
with olive [Banilas et al. 2011] showed that DGAT1 contributes most of TAGs
deposition in seeds.

In contrast to these two families of enzymes, which are bound to membranes, DGAT3
was discovered to be cytosolic. Also, when it was compared to its DGAT1 and 2
counterparts, DGAT3 showed an identity below 10%. This enzyme was proposed to be
part of both biosynthesis of TAGs and wax ester formation [Saha 2006].

1.1.10 Structure and modeling of DGAT
As each of the different DGAT families was unraveled, studies focused on their

structure have been developed. Different functional motifs have been elucidated for
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annotations belon ° ° 7DGAT, but a specific analysis on that gene was not
performed.
1.1.13 Diacyigly-.... ~yltransferase expression in response to stress
conditions

The accumulation of TAGs in response to nutrient deprivation and media stress has
been extensively reported in microalgae. A recent report involving C. saccharophila
was performed by Herrera-Valencia et al. [2011], where three different treatments were
applied to this organism: Nitrogen deficic..2y (ND), salinity and the combination of both,
It was observed that a marked increase on TAGs levels was increased with these
treatments, especially with ND. More than 60% of dry weight belonged to lipids, a very
high percentage when compared with other microalgae such as N. oleobundans and C.
vulgaris. Table 1.4 shows some examples where ND had a lipid accumulating effect in

microalgae.

Table 1.4 Effect of ND on lipid metabolism on different microalgae

Species Lipid profii :hange Reference

C. reinhardtii Total lipid increase Dean et al. 2010

Nannochloropsis oculata Lipid increase by15.3% Converti et al. 2009

C. vulgaris Lipid increase by 16.41% Converti et al. 2009

Chilorella sp Lipid productivity of 53.96 Praveenkumar et al. 2012
+0.63mg/L d

A correlation between the increase on DGAT expression and ND was made by
Guihéneuf et al. [2011]. These authors discovered two DGAT type 1 (named
PtDGAT1long and PtDGAT1short, based on their length) on Phaeodactylum
tricornutum, a marine diatom. This organism was subjected to nutrient deprivation for
over the course of 13 days, and discovered that the expression of both genes was
increased after the treatment. Nevertheless, the expression of the PtDGAT1short
decreased after eight days, suggesting some kind of temporal regulation (Fig. 1.7).
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1.2 JUSTIFICATION

According to genome projects and different studies, the pathway that leads to
accumulation of TAGs must be similar in plants and microalgae, having the same major
enzymes involved, such as DGAT. Furthermore, over expression of DGAT genes has
been shown to increase the production of TAGs in plants and one microalga.
Therefore, DGAT is a good candidate to study in order to increase the accumulation of
TAGs in microalgae. Nevertheless, in order to alter the expression of this gene on a
given microalga, it is necessary to first identify and characterize this type of genes on
that microalga, and not many microalgae have had their genome sequence available.
Recently, it was proposed that the microalga C. saccharophila could be considered as
a suitable source of oil for biodiesel production. However, DGAT homologues have not
been identified and chara.cterized in C. saccharophila. The genetic manipulation of this
key gene involved in lipid synthesis may lead to improve the accumulation of TAGs for

biodiesel production in this microalga.

1.3 HYPOTHESIS
The green microalga Chlorella saccharophila has in its genome at least one

Diacylglycerol acyltransferase (DGAT) homologue gene.

1.4 GENERAL OBJECTIVE

To isolate and characterize one DGAT homologue gene in C. saccharophila.

1.5 OBJECTIVES
1. To isolate and characterize the structure and phylogeny of one DGAT
homologue gene from C. saccharophila.
2. To evaluate the expression of one DGAT homologue gene in response to
nitrogen depletion in C. saccharophila.
3. To transform C. reinhardtii with a construction harboring the CsDGAT

gene under the control of a strong constitutive promoter.
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Microalgae can be found in a wide variety of environmental aquatic conditions, from
freshwater ponds to cold ecosystems. These organisms have thrived in such divergent
conditions because their ability to adapt to them including nutrient deficiency
conditions. Regarding their lipid metabolism, the amount of lipid content on microaigal
biomass growing on optimal conditions ranges between 5 and 20% of their dry weight
[Schenk et al. 2012]. Limiting the nutrients available on the media severely affects
microalgal growth and hence the rate and production of its biomolecules. Interestingly,
and in contrast to biomass accumulation, the synthesis of lipids is highly increased
during nutrient limitation, as long as there is enough light and a carbon source provided
[Schenk et al. 2012]. At the time when nutrient availability becomes limited and the cell
growth (divisions) is stopped, microalgae shift lipid use otherwise destined for cell wall
and organelles to production and accumulation of TAGs. Therefore, in general there is
an inverse relationship between lipid content and nitrogen concentration [Gouveia and
Oliveira 2009). This trend of accumulation of TAGs under nitrogen starvation has been
observed to cause lipid accumulation in different microalgae: C. reinhardtii,
Scenedesmus suspicatus [Dean et al., 2010], Nannochloropsis occulata [Converti et al.
2010], C. vulgaris and Chlorella sp [Yeh et al. 2011; Praveenkumar et al. 2012).

Recently, the green microalga C. saccharophila was proposed to have high potential as
a source of TAGs for biodiesel [Herrera-Valencia et al. 2011]. Because of this
promising finding, the need for a better understanding of this microalga has raisen,
however, this microalga has not been widely studied for biofuel production purposes,
and its genome has not been sequenced yet. In contrast, the complete genome
sequence of some microalgae have become publicly available, such as the sequence
from the model microalga C. reinhardtii available at the Joint Genome Institute
[Merchant et al. 2007), and Chiorella variabilis NC64A [Blanc et al. 2010], which
provides a valuable working platform for bioinformatic analysis of genes related with

lipid metabolism in these microorganisms.

Although it is known that TAGs represent highly energetic molecules that can be
transesterified to biodiesel, their biosynthetic pathway on microalgae is not completely
understood, and particularly in C. saccharophila there are not studies regarding TAGs
metabolism. Therefore, the aim of this chapter was to isolate and characterize a DGAT

homologue gene from C. saccharophila.
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With this value, the next step was to concentrate the culture: first it was transferred
from the flask to a plastic tube and then centrifuged at 3,200 rpm for 5 minutes. The
cell pellet was then resuspended on the medium left from the previous centrifugation.
The now concentrated cells were distributed on Safe Lock® Tubes (Eppendorf) and
centrifuged at 3,000 rcf for 5 minutes. The supernatant was then discarded and the

remaining cell pellets were frozen on liquid Nitrogen (-196 °C) and stored at -80°C.

2.2.2 Nitrogen deficiency treatment

First, a single colony from solid culture was transferred to liquid TAP, and cells were
grown until they reached the end of logarithmic phase (approximately 10 days), to
obtain a starter culture. This was used as inoculum for the experimental samples,
inoculating an initial concentration of 10,000 cells per milliliter on 250 mL flasks with 50
mL of TAP medium. These cultures were allowed to grow for 10 days and then the
nitrogen deficiency (ND) treatment was applied. To apply this treatment, cells were
harvested by centrifugation, washed once with TAP-N (TAP with limited nitrogen
source, trace metals as the only source of nitrogen with 0.011 mg N per liter), and then
transferred to 50 mL of fresh TAP-N. For {_ . control, cells were washed with TAP and
then transferred to fresh TAP.

A time based experiment was performed for ND treatment, in order to analyze temporal
responses in CSDGAT expression under nitrogen deficiency. Five different samples
were analyzed: a control consisting on cells at 10 d of culture on TAP before starting
the experiment, and then samples collected at 6, 12, 24 and 48 hours after ND
treatment was applied. As a control, CsDGAT expression was also analyzed at the
same times described before but using TAP medium (no ND treatment). CsActin
espression was also analyzed for the same samples described above as a positive
control of all the experiments. Cells were collected on 2 mL tubes with 200 million cells
per tube, frozen with liquid Nitrogen and stored at -80 °C until use for expression
analysis. The method used to isolate RNA was CTAB and 5 pg of RNA was employed

on all samples to synthesize cDNA, as it will be descri__d later.
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rpm for 5 minutes. The remaining pellet was washed twice with cold 70% ethanol and
centrifuged at 13,500 rpm for 5 minutes. Finally, after this pellet was air-dried
(approximately 10 minutes), it was resuspended with 40 ul Tris HCI 10 mM pH 7.5 and
incubated 10 minutes at 65°C.

RNA extraction was carried out using a CTAB Protocol {Kieffer 2000]: Samples were
collected and stored on liquid Nitrogen for transportation. During the experiment they
were kept on ice. CTAB reagent was heated to 65°C, and added to the frozen samples.
The mixture was homogenized thoroughly with a pestle for one minute. Next, 24 pL B-
mercaptoethanol were added. The mixture was homogenized with a vigorous vortex for
another minute. Samples were then incubated at 65 °C for 10 minutes, applying a
vortex every 2 min. Next, a chloroform-isoamilic alcohol (24:1) solution was added. In
order to separate phases, the samples were centrifuged at 14000 rpm for 5 minutes.
After recovering the supernatant, 600 pL of cold isopropanol and 100 pyL of sodium
acetate were incorporated. After that, the samples were incubated on ice for 15
minutes and centrifuged at 14000 rpm for 10 minutes; the supernatant was discarded,
leaving a visible pellet at the bottom. 800 uL of cold 70% ethanol were added, followed
by a 14000 rpm centrifugation for 5 minutes. The supernatant was discarded and the
pellet was air-dried and resuspended on 39 pL ultrapure water. 10 yL DNAse (RQ1
RNase-free DNase 1 pg/ uL; Promega), 10 pl DNAse buffer (RQ1 DNase 10X Reaction
Buffer; Promega) and 1 RNAse inhibitor (RNaseOUT 40U/ uL; Invitrogen) were added
and incubated at 37°C for 30 minutes. To purify the sample, 600 pL SSTE + 600 uL
Chloroform-isoamilic aicohol (24:1) and 100 pL sodium acetate 3M were added, the
mixture was homogenized and centrifuged at 14000 rpm for 5 minutes. The
supernatant was recovered on a fresh tube and 600 pL cold (-20°C) isopropanol were
added, next the sample was placed on ice for 5 minues. Next, it was centrifuged at
14000 rpm for 10 minutes and the supernatant discarded, leaving a visible pellet that
was washed with 800 pL 70% cold ethanol (-20°C) and centrifuged at 14000 rpm for 5
minutes. The supernatant was discarded and the pellet was air-dried. Finally, it was

resuspended on 60 uL ultrapure water.

RNA was also isolated using a protocol from General Electric illustra RNAspin Mini
RNA lIsolation Kit: Cell lysis was done by adding 350 pL buffer RA1 and 3.5 pL B-
mercaptoethanol to the cell pellet. It was centrifuged for 1 minute at 11000x g on a
RNAspin Mini Filter units to filtrate it. 350 pL 70% ethanol was added and centrifuged
30 seconds at 8000 g on a RNAspin Mini column. After adding 350 uL Membrane
Desalting Buffer (MDB) and 11000x g for 1 minute centrifugation was applied. The
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molecules containing a 5'-phosphate - the uncapped, full-length mRNAs - will accept
the adapter. Then, these mRNAs are decapped and ligated to a RNA oligo at the 5.
The cDNA is then synthesized and used as template for PCR and nested PCR.

2.2.5 Bioinformatic resources

So far, NCBI reports 15 green alga genome sequence projects, and there are also
numerous efforts and projects to complete plastid genomes. All these studies provide
valuable tools for the genetic manipulation of these organisms, and opportunities to
compare such data [Radakovits et al. 2010].

In order to obtain putative DGAT nucleic and amino acidic sequences, a revision of
entries and a Basic Local Alignment Search Tool (BLAST) was performed on the
Department of Energy (DOE) Joint Genome Institute (JGI} database (Phytozome). A.
thaliana DGAT1 (Accesion AF0518489), DGAT2 (NP_566952) and Arachis hypogaea
(AAX62735) were used as queries.

Predicted protein sequences were aligned using ClustalX software [Thompson et al.
1997; Larkin et al. 2011] with default settings. Boxshade server was used to highlight
identical and similar segments between sequences in these aligments. DNAStar
Lasergene 7 version 7.2.1 [Burland 2000] package was used for several applications:
EditSeq to manipulate and edit sequences, MegAlign to perform multiple alignments
and phylogenetic trees and SeqMan to construct and assemble sequences. BioEdit
Sequence Alignment Editor was used to transiate DNA and schematize open reading
frames [Hall 1999].

2.2.6 Searches of microalgae and plant DGAT genes in databases, multiple
sequence alignment and phylogenetic analysis

In order to acquire a large number of putative DGAT sequences from databases, two
different searches were performed. One was done manually by revising JGI and NCBI
digital collection of genes, on the lipid metabolism section. Another search was
achieved by means of BLAST using 3 different characterized DGAT sequences.

Using the sequences obtained from the search of DGAT genes previously described, a
multiple sequence alignment was performed with the Clustal W method. This analysis
was then employed to construct a phylogenetic tree by the method of Hein [1990].
Phylogenetic tree using the complete CsDGAT, DGATs from microalgae and
characterized DGATs from plants was inferred using the Neighbor-Joining method
[Saitou and Nei 1987]. The optimal tree with the sum of branch length = 8.01839193 is
shown. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) is shown next to the branches
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2.2.9 Degenerate primer design to amplify an actin sequence from C.
saccharophila

As mentioned before, C. saccharophila genome is not sequenced so there is no
information available about reported oligonucleotides or sequences that could be used
as positive controls. Since it is known that actin sequences are amongst the most
conserved sequences in eukaryots [Muiler ef al., 2005], this was the gene of choice to
use as a positive control for PCRs. Therefore, degenerate primers had to be designed
to amplify a fragment of an actin gene from C. saccharophila.

To design the degenerate primers, several actin genes were isolated from databases
(JGI Phytozome and GeneBank), an actin sequence from C. reinhardtii 1D 603700 was
used as query on a BLASTX search. With this strategy, actin genes of other green
microalgae could be retrieved from JGI Phytozome: Volvox carteri (ID 109972 and
27374), Chlorella sp. NC64A (ID 136976) and Ostreococcus tauri (ID 29599). These
sequences were aligned and searched for a highly conserved region, using the same

strategy as stated above, to amplify a fragment of approximately 200 bp.

The PCR conditions for the degenerate primers for the actin gene were as followed: 35
cycles consisting of 1 minute at 95 °C for denaturalization step, 30 seconds at 45 °C for
annealing, and 1 minute at 72°C for extension. For these PCRs both genomic and
complementary DNA were tested using 500 ng of each as templete, 10 mM dNTPs, 10
mM MgCl,, 100 mM of each degenerate primer, 1X buffer and 1 U uLTaq Polimerase.

A fragment from cDNA was obtained and used to further design and synthesize

specific oligos for CsActin, to be used as positive control in further experiments.

2.2.10 Mapping the 5’ and 3’ ends

in this study, a degenerate PCR strategy was employed to amplify a putative DGAT
gene. Therefore it was necessary to elucidate its complete and correct sequence in
order to clone it on an expression vector. RLM-RACE and RACE were used to map
CsDGAT 5’ and 3’ ends, respectively. The RLM-RACE method has been employed to
fully map a gene whose sequence is not available on public databases, it functions to
reveal key features on 5 (and also 3') ends, such as start codons and poly adenine
sequences. This technique is based on RNA ligase-mediated (RLM-RACE) and oligo-
capping amplification of cDNA ends (RACE) methods, and comprises the selective
ligation of an RNA oligonucleotide to the 5’ ends of decapped full-length mRNA using
T4 RNA ligase. This procedure increases substantially the probability to select and
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was then applied to a Qiaquick column and centrifuged at 13000 rpm for 1 minute.
After discarding the flowthrough, the column was washed with 750 yL PE buffer +
ethanol and centrifuged at 13000 rpm for 1 minute. The flowthrough was discarded and
the column centrifuged again with the same conditions. After placing the column on a
clean tube, the purified fragments were eluted with 50 uL 10 mM Tris HCI and
centrifuged at 13000 rpm for 1 minute.

2.2.12 Cloning and sequencing of PCR products

To clone the PCR products, the ligation reaction was performed as described by
manufacturer: On a 1.5 mL tube, 7 pL purified insert obtained from the PCR purification
(see above), 1 uL ligase buffer 10X, 1 yL pGEM-T-easy Vector 50 ng/uL, 0.2 uL T4
DNA ligase 1U/ul. New England Biolabs were added and the final volume adjusted to
10 uL. The reaction was gently mixed and incubated for 16 hours at 16 °C and the
enzyme inactivated for 10 minutes at 65 °C.

To transform Escherichia coli DH10B cells, 5 uL of the ligation product was mixed with
200 uL cells and incubated on ice for 30 minutes. After a 42°C heat shock for 45
seconds, SOC medium was added and incubated at 37°C for 90 minutes at 180 rpm.
From this culture, 100 uL cells were applied on LB solid medium with 10 pg/mL
ampicilin, 0.1 M IPTG and 80 ug/uL X-GAL. The plates were incubated overnight at 37
°C, blue and white colonies were observed afterwards.

White colonies, which harbor the gen of interest; were picked and grown on liquid LB
medium with 5 ul. ampicilin (100 mg/uL) and incubated at 37°C overnight at 215 rpm.
Afterwards, the plasmids were extracted using the High Pure Plasmid Isolation Kit
(Roche). Cells were collected by centrifugation at 9,000 rpm for 30 seconds and their
pellet treated with 250 L lysis buffer and incubated at room temperature for 5 minutes.
Then, 350 uL chilled {(4°C) binding buffer were added and incubated on ice for another
5 minutes; following a 14,000 rpm centrifugation. The resulted supernatant was
transferred to a spin filter tube and centrifuged at 14,000 rpm for 1 minute, washing
with 700 uL buffer Il and removing it with another 14,000 rpm centrifugation for 30
seconds. Finally, purified plasmids were collected with 50 pL elution buffer.

Sequencing reactions were based on the Sanger method, using dideoxinucleotides,
which lack the 3’ OH. The reaction mixture consisted of 5 uL plasmid (approximately 1
ug), 1 uL Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), 3.5 pL
buffer 5X, 1 L oligonucleotidce (sense or antisense) and 9.5 uL water, to reach a
volume of 20 pL. PCR cycles consisted of 95°C for 30 seconds, 35 cycles of 95°C 30
seconds, 50°C 30 seconds and 60°C 4 minutes, with a final extension at 60°C for 20
minutes. The reaction was purified afterwards with the addition of a solution consisting
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Table 2.1 Comparison of different methods for DNA extraction. Values of number of cells, yield
and purity are given.

Cell number  Yield Purity
(million) (ug/mL) (A260/A280)
Dellaporta 20 81.42 1.31
40 123.99 1.56
illustra Nucleon Phytopure 20 2248 1.31
40 252.83 1.56

12,2

3C
1€
1

Figure 2.2 DNA extraction method comparisons. Lines 1 and 2: technique based on Dellaporta,
20 and 40 million cells respectively. Lines 3 and 4: General Electric Extraction Kit, 20 and 40

million cells respectively

The results for the RNA extraction using the protocol of the Trizol reagent, the GE
illustra RNAspin Mini kit (Fig. 2.3) and a CTAB protocol are shown in Figure 2.4. Table
2.2 summarizes these results. The highest RNA concentration was obtained with CTAB
method: 428.92 pg/mL (Fig 2.4). It was observed on previous results that 100 million
cells consistently gave the highest RNA concentration, so this number of cells was
processed using CTAB. The effect of adding DNAse is also howed (Fig 2.4). As
showed, CTAB method gave the highest yields so this procedure was applied to the

experimental samples that followed.
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361 CAG GAC CTC TAT GAC AGA CAC AAG GCA AGC TAT GGC TGG CCC GAC 405
121 Q D L Y D R H K A S Y G W P D 135

406 CGC CCC CTA 414
136 R P L

Figure 2.9 Sequence obtained from degenerate RT-PCR from C4 primer combination,
corresponding to a partial ORF of CsDGAT. Motif highlighted in gray
RXGFX(K/R)XAXXXGXXX(L/V)VPXXXFG(E/Q). Arrows above the sequence indicate the
position and orientation of the 5’RACE and 3'RACE primers used in this study

2.3.5 Degenerate primer design to amplify an actin gene from C. saccharophila
As stated before, the complete genome of C. saccharophila has not been sequenced
yet, so it was necessary to find and map a house keeping gene to be used as positive
control in PCR reactions. The selected gene was actin, since other microalgae
sequences are readily available and found to be conserved.

The BLASTX search resulted on four actin sequences belonging to three diferent
microalgae. Table 2.6 shows the identification numbers and organisms of the actins

retrieved.

Table 2.6 Organisms and identifications (ID) for actin genes

ID Organism
109972 V. carteri
127374
136976 Chlorella sp.
29599 O. tauri

An alignment of the actin sequences was performed (Fig 2.10). As expected, all
sequences were highly conserved, having only minimal differences. A set of
degenerate primers were designed on these conserved regions and used as positive

controls for future analysis. Table 2.7 shows the name and sequence of these primers
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C)
1 ATG CAC ATA CTG ATA GGG TTG ACT GTG GCC AGT TTG TTC AGT AGG 45
1 M H I L I G L T v A S L F S R 15

46 ACA TGC CTC TGC ATC CTC GTA GCC ATA TGG GGA ACG GTC TTC CTG 90
16 T c L C I L v A I W G T \ F L 30

91 CCG CCA AAG CCA GTG TTG TGG AAT GCC TTC TGC AAA AGC TGG ATA 135
31 2 2 K P \Y L W N A F C K S W I 45

136 TTC CAG ACC TGG CGC GAG TAT TTC CAA TTC AGC TAC TTG AAT GAA 180
46 F Q T W R E Y F Q F S Y L N E 60

181  GCG GTG CTG GAC CCC AAG AAG AAG TAC ATA TTC ACC GA~ ™T~ rCT 225
61 AV L D P K K K Y I F T $_& B 5

226 CRT ~GA GTC TTC CCT CTT AGC GAA CTA GTT GCA GGA ACG CTG TGT 270
76 [] v F P L S E L v A G T L C 90

271 CAA GCC ATC TGG CCG GAC TTC AGC ATA TAT TCA GTG GCA GCC AGC 315
91 Q A I W P D F S I Y S v A A S 105

316 AGT GTG TAC AGC ATT CCC TTC TGG AGG CAC TTC ATC GCT TGG CTT 360
106 S v Y S I P F W R H F I A W L 120

361 GGT GCA GTC CCA GCT ACA GCA GGC AAT TTC AAG AAA ATG ATG AAG 405
121 G A v P A T A G N F K K M M K 135

406 AGG GGA AGC TTG GCC GTC ATT GTG GGA GGC ATT GCT GAG ATG TAC 450
136 R G S L A v I v G G I A E M Y 150

451 ATG CAG CAC AAG CGC AAG GAA CGC ATC AAG CTG CTA GAC AGC ™A 495

151 M Q@ H X R K E R I K L L D # 165
496  GCT TTT CTC ANG *™T GCT GTT GA 30 OTG GAT GGA GGC *™C 540
lee ¢ 1 B B =W X i B B R 180

541 ATA CCT GT™~ ™AT CAC TTC =0 AAC ACT CAG GTG TTC GAC TAT TGG 585

181 i L _ B « &£ T ¢ Vv F D Y W 195

586 CCT CAG TCC TTT GAG AAA TTT GCT CGC AAG AAC AGA GTG GGT GTG 630
136 P Q S F E K F A R K N R v G v 210

631 GGA TTC TTG GTC GGA CGA TGG GGA ACT CCT GTG CCG CGC AAG GTG 675
211 G F L \ G R W G T P v 2 R K v 225

676 CCC TTG TAC ATG GTG AGT GGC AAG CCC ATT CCA GTG CCC AAG GTC 720
226 2 L Y M \Y S G K P I 2 v P K \ 240

721 GAC AAG AAT GAT ACC GAG AAG TTC AAC CAG ACT GTA GAT GAG ATT 765
241 D K N D T E K F N Q T \ D E I 255

766 CAC GCT GAA GTG GTG CAA CAG CTG CAG GAC CTC TAT GAC AGA CAC 810
256 H A E v v Q Q L Q D L Y D R H 270

811 AAG GCA AGC TAT GGC TGG GAG AAC AGA CCC CTC AAG ATT GAG TGA 855
271 K A S Y G W E N R P L K I E * 285

Figure 2.19 Nucleotide and deduced amino acid sequences of CsDGAT. A) Schematic
representation of the different versions of CsDGAT depending on the presence or abscense of
the putative intron. Also, two different forms of the 3° UTR are shown. B) Nucleotide and amino
acid sequence of CsDGAT ORF starting at the first ATG identified and including intron removal
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2.3.10 Expression analysis of CsDGAT under Nitrogen Defficiency (ND)

As shown in Figure 2.22, there was no substantial increase on gene expression along
the different time lapses evaluated in this study for CsDGAT. When samples from ND
treatment (Fig. 2.22 A) were compared to samples from TAP (Fig. 2.22 B), no apparent
differences were noticed on any of the times evaluated. Interestingly, CsDGAT
expression appeared to increase for the samples after 6 h following their transfer to a
new medium, whether it contains nitrogen or not, and it continued until 48 hours later.
Since this effect was observed both in ND and TAP, the increase in CsDGAT
expression could be a response of being suddenly in a fresh medium with more
nutrients available for the cells. One CsActin control for each sample on each treatment

was included, which showed steady expression along the time studied.

As stated before, at least two amplifications coul e sequenced from the CSDGAT 3’
termini owing to muitiple forms of polyac...ilation, so in order to elucidate possible
reasons for this phenomenon, a 3’ end RACE analysis was performed on samples from
the ND treatment. The result is shown in Figure 2.23. The amplification corresponding

to the 384 bp band apparently decreased during the ND condition.
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DGAT genes on these microalgae, was to employ annotated sequences as queries
and to perform BLAST searches on the genomes of O. tauri; their bioinformatic
analyses showed two DGAT type 2 genes found for O. fauri, but in the heterologous
expression on S. cerevisiae only one gene (named OtDGAT2A) proved to have DGAT
function. In the case of C. reinhardtii, five DGAT type 2 sequences were isolated in
silico. Of these five sequences, two were not correlated to lipid content when they were
silenced with RNAI constructs, implying a diverse internal mechanism for the regulation
of lipid content. The other three genes were positively correlated to TAG content, in
silencing and overexpression analyses [Deng et al. 2012]. For C. saccharophila is not
yet know what could be the case. This thesis is the first study where a CsDGAT gene
has been isolated and cloned from C.saccharophifa, thereby establishing the basis for
future functional analysis for this gene, similarly to La Russa et al. [2012] whom started
by finding candidate genes based on another work performed by Miller et al. [2010].
These authors correlated the upregulation of three DGAT genes from C. reinhardtii to
nitrogen starvation, and concluded that these three sequences were important for lipid
and TAGs accumulation, therefore settling an important basis for future works. In C.
saccharophila, however, since the biocinformatics tools available for this microalga are
still very limited to this date, other molecular approaches may be used to determine

whether other DGAT sequences can be found for this microalga.

For other green microalgae, more than one DGAT sequence has been found, and so it
can be the same case for C. saccharophila. The complete sequence of its genome
would allow this task to be completed more easily. If not, an analysis of total mMRNA
constructing a library could be performed. As more and more genomes of microalgae
are completed, more bioinformatics tools and information are available to work with.
With the basis established on this thesis, in conjunction with data on public databases,
it will be possible to isolate and characterize further this and other DGAT sequences on
C. saccharophila. Turchetto et al. [2011] made a comprehensive evolutionary study on
DGAT's, including several sequences from organisms ranging from fungi, yeasts, to
microalgae, plants and animals. These authors suggested that DGAT type 1 and 2
probably evolved separately, and converged on their function. This can be observed on
the little similarity between their sequences, and on the phylogenetic trees constructed
using these sequences, where DGAT types 1 and 2 appear to be clearly separated on
its common ancestor. Interestingly, it was reported by these authors that normally
yeasts, animals and other organisms only have one copy of each DGAT gene, except
for plants and microalgae which can have from two or three copies (e.g. A. thaliana) or
five (e.g. C. reinhardtii). In fact, these authors found three to five copies of DGAT2 on
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Further studies are necessary to investigate whether the intron found in CsDGAT plays
indeed a role in some post-transcriptional regulation of this gene in C. saccharophila.
To the date of this thesis, there are few studies focused on untranslated regions on
mRNA from microalgae. Kuo et al. [2013], recently studied the transcriptome of the
alga Eutreptiella sp. and discovered that 5 UTRs tend to be short (~21 bp) in this
organism. In plants these sequences are very variable, ranging from dozens of
nucleotides to hundreds [Kochetov et al. 2002]. However, they determined that the
most common length of 5 UTR vary from 50 to 150 nucleotides. The 5 UTR from C.
saccharophila was found to vary between 150 and 300 bp, depending on the putative
intron found if it is indeed excised from the final sequence. So this sequence can be
considered longer than usual when compared to both plants and one alga.

in C. reinhardtii, sequences found on the 5’ of genes rbcL and atpB have been implied
to be crucial on mRNA stability and control of expression [Anthonisen et al. 2001].
Mutations on these sequences, when coupled with reporter genes such as GUS;
affected negatively the expression of transcripts to a 60-70%. Is it unknown whether
these regions act only at a structural level or indeed work as sites for protein bingind
that confer stability to mRNAs. A more recent work focused on structural importante
[Leinass 2008] found that the addition of bases on the 5 UTR of rbcL, instead of
mutating the existing ones; also diminished mRNA life and stability. It was unclear
however if it is necessary to modify that many bases or just one nucleotide could affect
the expression. A similar condition could be the case for C. saccharophila, where
different sequences found on the two UTRs found may decide the expression of either
form. As shown by Leinass, the presence of more nucleotides on these regions not
necessarily contribute to the stability of the transcript.

Unfortunately, until now there are no studies centered on massive analysis of 5" UTRs
in microalgae at a level comparable to plants or animals so a comparison between C.

saccharophila and several groups of other green microalgae is not yet possible.

The 3' RACE technique permitted the identification and sequencing of the 3’ end of
CsDGAT cDNA. Two fragments were amplified by PCR, suggesting two possible forms
(lengths) of the same mRNA, this difference was encountered on the 3' UTR and
consisted of a 563 bp difference between a fong 3' UTR (716 bp) and a short one (153
bp). This could be the result of alternative splicing, an event in which a single gene can
create multiple mRNA transcripts [Barbazuk 2008]. Alternative splicing has been
observed in mammals such as human and had been related to message stability and
translation efficiency, as well as the diversity of proteins [Andreassi et al. 2009].
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For C. saccharophila only one CsActin gene was isolated, as was the case for C.
reinhardtii. For other green microalgae, such as V. carteri, at least two genes annotated
as actin can be found on public databases. For C. saccharophila it is not yet known the
total number of actin genes present in its genome, and so a similar approach as the
one by Sugase et al. [1996] could be carried our in order to elucidate this.

CsActin was not fully mapped in the present study. The reason was because it was not
necessary to know all regulatory sequences, since it was employed mainly as control
for PCR and expression analyses. However, it would be interesting to fully map its
sequence and add it to the information contained in public databases with the aim of
facilitating future analyses, such as a tool to find any other possible gene or to generate

more positive controls for other assays.

2.4.4 CsDGAT expression under Nitrogen Defficiency

It has been demostrated that nitrogen deficiency triggers the accumulation of TAGs in
microalgae [Guihéneuf 2011; Herrera-Valencia et al. 2011]. Being deprived of a major
nutrient, the cell is forced to make-up large reservoirs of energy in the form of TAG, a
very energetic molecule, in order to maintain its homeostasis. DGAT is a key enzyme
in the formation of TAGs and so, it would be expected that the genes coding for these
enzymes be part of some regulation when the cell is under a stress that involves the
accumulation of TAGs. For example, when the bacteria Mycobacterium tuberculosis
were placed under stress conditions such as hypoxia, static and acidic conditions, the
TAG levels were increased [Sirakova et al. 2006]. Interestingly, 15 putative
diacylglycerol acyltransferase genes (named fg) were found but only one (tg7) was
correlated with TAGs accumulation provoked by stressful conditions [Sirakova ef al.
2006].

The nature of microalgae allows them to strive on a very wide variety of environments.
Their ability to adapt to the environmental changes is reflected also on its gene
expression; as a result, different expression responses are achieved depending on the
conditions or stress applied. It is known that severe nutrient deficiency can be
accounted as an effective way to affect both cellular growth and lipid production in a
broad way [Schenk et al. 2012]. This approach has been recently and widely used as a
method to increase total lipid production, and interesting results were achieved.
Herrera-Valencia et al. [2011] found that total lipid content in C. saccharophila could
reach ~65% of its dry weight when subjected to nitrogen deficiency stress, compared to
the control treatment which showed 40%. It was also noted that salinity treatment could
increase these levels, reaching up to more than 55% of its dry weight.
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in further studies to quantitative analyze the expression of CsDGAT under the
treatments evaluated in this study.

An interesting result has been found on a DGAT gene from the tree Ricinus communis
(RcDGAT) [He et al. 2004]. These authors found a considerable difference between the
abundance of mMRNA and the protein levels. Also, the expression of RcDGAT was
strongly regulated by growth cycles and was tissued dependent. Similarly, the authors
found signals of post-transcriptional regulation on both UTRs, which coupled with
experimental data, suggested this type of regulation for RcDGAT. To investigate the
roles of the UTRs found in CsDGAT future studies could carry out a similar assay to
the one used by Merritt et al. [2008]. These authors designed a gene construction
using UTRs from C. elegans and the reporter gene GFP, and were able to detect
temporal and spatial regulation of this gene according to the UTRs used. Applying this
same strategy, it could be determined the importance of the putative regulatory
sequences found on both 5" and 3’ UTRs of CsDGAT.

Evidence showing that DGAT genes can undergo regulation was found in the study by
Boyle et al. [2012], where a promoter-binding protein domain transcription factor
named SQUAMOSA was correlated with the increase in gene expression and thus it
was proposed as a candidate regulator of the nitrogen deficiency responses. However,
it is yet unknown the details about its interaction with the DGAT gene.

It has been observed that DGAT genes respond differentialy to nutrient limitation on a
temporal manner [Miller et al. 2010; Msanne et al. 2012). In C. reinhardtii, DGAT1 was
upregulated during nitrogen deficiency, but other DGAT genes showed little or no
response to this condition. Msanne et al. [2012] suggested that the expression of all
DGAT genes during ND is time dependent. For C. reinhardtii, they argue that DGTT1
may be expressed on the early stages of TAG accumulation and that other DGAT
genes participate on the following steps. A similar scenario could be the case for
CsDGAT. We found that this gene was expressed constitutively during ND, thus it
could be possible that the version of CsSDGAT found in this study is not as responsive
to ND as other genes that C. saccharophila may harbor in its genome, as it has been

seen on C. reinhardtii.
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phelomycin, zeocyn and bleomycin. Also, an important factor to achieve the
overexpression of an endogenous gene is the use of a promoter that drives the
expression efficiently, and the promoter HSP70A fused upstream to promoter RBCS2
demonstrated to enhance transgene expression when placed together upstream other
promoters, such as RBCS2 or 8TUB (tubuline) [Schroda et al. 2000].

Therefore, the purpose of this chapter was to obtain a gene construct with three
versions of the CsDGAT gene under the control of the fusion promoter
HSP70A/RBCS2, which is a strong constitutive promoter, in the plasmid pSP124S, and

use it for nuclear transformation of C. reinhardtii.

3.2 MATERIALS AND METHODS
3.2.1 Cloning vector and oligonucleotides
CsDGAT gene was cloned in plasmid pCrGPDH3c (Fig. 3.1) kindly donated by MSc

Melissa Casais. The plasmid had the following components:

e Plasmid pSP1248S. The best version of pSP124 described in Lumbreras et al.
(1998) had been additionaly modify to give pSP1248S, which was obtain from
the Chlamydomonas Center (www.chlamy.org). pSP124S has the plasmid
pBluescript SK- as backbone which contains the bacterial selection gene for
resistance to ampicillin (amp). For microalgae it uses the selection gene ble,
which confers resistance to zeocin [Stevens et al. 1996]. It is 4,132 bp long and
has been successfully used to transform C. reinhardtii.

e Fusion promoter HSP70A/RBCS2. Promoter HSP (Heat Shock Protein) confers
high inducibility by itself and can be induced by both, heat or light. When fused
with promoter RBCS2 (RuBisCQ) it improves transgene expression greatly
(Schroda et al. 2000).

e 5 UTR from RBCS2. Transformation rate is heavily influenced by the presence
of this sequence. If neglected, this rate is severely decreased. Also, negative
regulatory sequences have been found on positions -740 to -300. The removal
of this portion has increased expression efficiency threefold (Lumbreras et al.
1998).

e 3 UTR from RBCS2. Although 3' UTR alone showed no real contribution for the
expression of transgene (including regulatory sequences such as
polyadenilation signals), its combination with 5° UTR proved to be fundamental
for optimum transgene expression [Lumbreras et al. 1998; Eichler-Stahlberg ef
al. 2008].
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found on the original CsDGAT sequence in this part, an articial ATG codon was
added on the primer in order to stablish a complete ORF on the further cloning
steps. The expected amplicon was of 948 bp in length. Primer combination:
DGAT_F2Clon/ DGAT_Rclon.

e CsDGAT V3 (Version 3 of CsDGAT). It consists of a sequence which does not

incorporate the sequence of the putative intron as such, but its sequence as

a

part of a complete ORF. Asv ™" '~ -~ -“~'31 ATG was added to the primer

forward. The expected amplic p in length. Primer combination:
DGAT_F3Clon/ DGAT_Rclon.

Each of these primers contained the target sequence, a consensus region for
translation on microaigae, a restriction site and three extra bases (TAT for the forward
primers and TAA for the Reverse) to improve the alignment step.

Figure 3.2 shows the position of each primer used to amplify and clone all versions of
CsDGAT. Table 3.1 gives more information of each primer. Tm, restriction sites and
artificial ATGs added.

ATATTCGTGTGTCCTCTTTTGTGTTTGATGTTCTCGCTCCTTGN M AT T AT AR TEACATGCCCAG
FTTBROTETRCCTATOTATTGCACCTGCAAACGAGGACATGAA [ ]

Rk SRR

3TTCATCTCATGGCTTGTGGCAATTGTCACCC
TTACCATCTACACAGGATGGATGCACATACTGATAGGGTTGACTGTGGCCAGTTTGTTCAGTAGGACATG
CCTCTGCATCCTCGTAGCCATATGGGGAACGGTCTTCCTGCCGCCAAAGCCAGTGTTGTGGAATGCCTTC
TGCAAAAGCTGGATATTCCAGACCTGGCGCGAGTATTTCCAATTCAGCTACTTGAATGAAGCGGTGCTGG
ACCCCAAGAAGAAGTACATATTCACCGAGTTCCCTCATGGAGTCTTCCCTCTTAGCGAACTAGTTGCAGG
AACGCTGTGTCAAGCCATCTGGCCGGACTTCAGCATATATTCAGTGGCAGCCAGCAGTGTGTACAGCATT
CCCTTCTGGAGGCACTTCATCGCTTGGCTTGGTGCAGTCCCAGCTACAGCAGGCAATTTCAAGAAAATGA
TGAAGAGGGGAAGCTTGGCCGTCATTGTGGGAGGCATTGCTGAGATGTACATGCAGCACAAGCGCAAGGA
ACGCATCAAGCTGCTAGACAGGAAAGGGTTTGTCAAGATTGCTGTTGAGGAGGGCCTGGATGGAGGGATC
ATACCTGTGTATCACTTCGGCAACACTCAGGTGTTCGACTATTGGCCTCAGTCCTTTGAGAAATTTGCTC
GCARGAACAGAGTGGGTGTGGGATTCTTGGTCGGACGATGGGGAACTCCTGTGCCGCGCAAGGTGCCCTT
GTACATGGTGAGTGGCAAGCCCATTCCAGTGCCCAAGGTCGACAAGAATGATACCGAGAAGTTCAACCAG
ACTGTAGATGAGATTCACGCTGAAGTGGTGCAACAGCTGCAGGACCTCTATGACAGACACAAGGCAAGCT
ATGGCTGGGAGAACAGACCCCTCAAGATTGAGTGATAGCCAGTGGCTTGCGTGAAGCTGCGTGACCGAAT

GTCCTTCTTGCAAGAAGAC™ " ATATAGAATCAGTTACAATATGTATAGAATACATATACACTGAGAGAAA
GCGTGTGAAATAGAATTGTAAGTAATCAAGCCTTAAAAAAARAAAAARAAA

Figure 3.2 Position of primers designed to clone different versions of CsDGAT. The forward
primer for Version 1 (CSDGAT V1) is marked with grey. The forward primer for Version 2
(CsDGAT V2) is marked with yellow and the forward primer for Version 3 (CsDGAT V3) is
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for 3 minutes, pelleted by centrifugation for 2-5 minutes and the supernatant was
discarded. 70% ethanol was added and vortexed for 2 minutes. The mixture was
incubated for 15 min at room temperature and mixed three times. Then it was
centrifuged at maximum speed for 3 min and the supernatant discarded. The particles
were resuspended on 1mL of ethanol and allowed to settle down for 1 min at room
temperature. Then, samples were centrifuged at maximum speed for 2 min and the
supernatant discarded. 50% v/v sterile glycerol was added to the gold ..rticles at a

final concentration of 50 mg/mL.

For the bombardment: 50 yL of the gold particle s ferred into a 1.5 mL
tube. The following components were added in ti maximum of 10 ug
Plasmid DNA, then 50 pL of 2.5 mM CaCl,, folic f 0.1 M spermidine.
This mixture was then vortexed for 20-30 min at . .. ......, —__ JL absolute ethanol

were added, vortexed, centrifuged 45 seconds for 1300 rpm and the supernatant was
discarded. This step was repeated three more times. After the final step, the pellet was
resuspended in 30 uL of absolute ethanol. 5 plL of this solution was spread on each
carrying membrane, and five membranes (one for each shot) were used for every gold
particle solution (five shots pe  lasmid).

Cell preparation for particle bombardments were as follows: a single colony was taken
and transferred to 50 mL of liquid TAP on a 250 mL Erlenmeyer flask and grown for
seven days until reaching the end of logarithmic phase. Cells were then counted and
collected by centrifugation at 3,220 g for five minutes at 4°C. 40 x 10° cells were
resuspended on 250 uL TAP and then plated on solid TAP on Petri dishes (on the
center) and let to dry the excess of liquid medium on the laminar flow cabinet.
Bombardments were performed using Helium as the propulsor gas on a microparticle
bombardment cabinet, 0.6 um size for the gold particles and 1100 pounds per square
inch (psi) as pressure for membrane disruption.

After performing the bombardments, the microalgae plates were stored overnight at low
light intensity (2 - 5 uE/m?%s) and then transferred to selection TAP solid medium (20
ug/mL zeocin) and incubated at photoperiod (16/8 hours light/dark) 25 - 30 uE/m%s of
light intensity. After aproximately 7-10 days the first colonies appeared. The colonies
recovered from the transformation plates were transferred to flasks containing liquid

TAP medium (no antibiotic) for culture.

3.2.4 Analysis of colonies recovered after microparticle bombardment
For the detection of the CsDGAT gene on colonies recovered from microparticle
bombardment, each colony was grown on liquid TAP under regular light conditions for
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grow on top of others, can be protected from the antibiotic. Since the colonies were first
recovered from solid medium but then multiplied on liquid TAP lacking any antibiotic,
these non-transformant protected colonies could have been able to grow in spite of

their DNA having no transgene integration.

An important obstacle for the transformation of microalgae has been the difficult to find
vectors and regulatory sequences to be correctly used, and not only extrapolate data
from plants. For that reason, several attempts are currently being developed to
circumvent these issues. Many of these rely on the recent discoveries made mainly on
the model microalga C. reinhardtii. Therefore, these new findings regarding regulation
in microalgae transformation come from and are being used in this organism
[Lumbreras et al, 1998]. In the present study, several elements used for the transgene
expression on C. reinhardtii were found into the plasmid pSP124S, including the
selection gene ble that confers resistance to zeocin. Schroda et al. [2000]
characterized the promoter HSP70A and discovered that it induced a better expression
when fused with other elements (such as RBCS2 or STUB) than those seguences
alone. This fusion constitutive promoter (HSP70A / RBCS2) was used on our
constructions with CsDGAT, since it has been shown to improve total transgene
expression constitutively when compared to other strategies, such as the promoter
RBCS2 alone [Kindle 1990; Blankenship et al. 1993; Heitzer and Zshoerning 2007].

The addition of introns from RBCS2 has been described as elements that stimulate the
rate of transformation and expression levels. Initially described by Lumbreras et al.
[1998], more recent reports used this strategy for the expression of reporter genes
such as luciferase [Heitzer and Zschoerning 2007; Eichler-Stahlberg et al. 2009]. For
this study, is expected that the inclusion of these sequences will indeed improve the
expression of CSDGAT on C. reinhardtii. On the report by Lumbreras et al. [1998] the
regulatory sequences present at the 5 and 3° UTR are also considered. They
concluded that the presence of these kinds of regions is fundamental for the
expression of transgenes since their deletion ends in the reduction of transformation

rate by two orders of magnitude.

In this chapter, three different version of the same gene CsDGAT were amplified and
introduced to the plasmid pCrGPDH3c, and subsequently transformed into C.
reinhardtii by means of biolistics. Two versions of CsDGAT (V1 and V2) were
successfully inserted on C. reinhardti’'s genome, as shown on the PCR results. Since
the number of copies of a given gene introduced by biolistics is unknown, it would be
necessary to perform a Southern blot essay, to determine this condition. However,
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Based on the regulatory sequences found at both 5’ and 3' UTR, it could be suggested
that CsDGAT may be post-transcriptionally regulated. In addition, a possible event of
intron retention was found, a phenomenon described on superior organisms such as
plants. In Arabidopsis, Ner-Gaon et al. [2008] described an event of this nature on its
genome and reported that 2% of Arabidopsis genes fall on this category. However,
more detailed analyses for microalgae are necessary to further understand this
regulation.

Even more possibilites of regulation regulation at 3' UTR were noticed. One of these
regulations could be attained to alternative splicing, since more than two forms of 3’
UTR could be amplified. This type of regulation have been described extensively on
plants and animals, and have a correlation with mRNA stability and protein diversity
[Barbazuk 2008]. Another possible regulation based on 3' UTR occurs as alternative
polyadenylation. This mechanism occurs in both animals and plants animal [Ji and Tian
2009; Xing and Li 2010] where the regulation of cell differentiation, stress responses
and flowering control take place on the 3' UTR. Additionally, for the polyadenylation
event to take place, several signals on the RNA need to be present. Shen et al. [2008]
characterized in silico several putative sequences on C. reinhardtii as responsible
sequences to form a poly-A. Sequences of these nature were found on CsDGAT and
agrees with other authors who state that the existence of more than one signal can be

associated with this alternative forms of poly-A's.

There are several studies that have correlated an increase of DGAT expression by lack
of nutrients, a condition reported for bacteria [Sirakova et al. 2006] and microalgae
{Deng et al. 2012]. However, it has been pointed out that the strongest inductor of this
gene is the deprivation of nitrogen. For that reason, in this report the expression of
CsDGAT was examined during a nitrogen deficiency treatment. A complete nitrogen
deprivation stress was not performed in these experiments. Instead, a very low amount
of this nutrient was employed compared to optimum growth conditions. This change in
media composition has been reported for C. saccharophila [Herrera-Valencia et al.
2011] as triggering effect for an increase in total lipid and TAG accumulation. Hence,
this same procedure was applied for the measure of gene expression.

A steady CsDGAT expression was detected following different time courses up to 48
hours of the stress onset, that means, a constitutive expression was found. Boyle et al.
[2012] used a similar experimental strategy, with the genes from C. reinhardtii. It was
possible for them to quantify the expression of CreDGAT genes under nitrogen
starvation, where a gradual increase was noticed and measured. On the present work,

CsDGAT did not increase its expression, and it is yet unknown whether it presents a
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4.2 GENERAL CONCLUSIONS

1.

A full cDNA sequence encoding a protein with homology to the DGAT family
was isolated from C. saccharophila and named as CsDGAT. Additionally, a
partial cONA seq nce of an Actin like gene was obtained in the present study
for C. saccharophila to be used as a control in RT-PCR assays. The expression

of this gene was constitutive.

The phylogenetic analysis showed that the CsDGAT sequence grouped within
the clade of DGAT type 2 proteins.

The 5 and 3’ ends of CSDGAT cDNA were mapped. A possible intron retention
event was found near to the translation initiation codon, and events of

alternative splicing were discovered for the 3'UTR.

The expression of CsDGAT is present in TAP medium and nitrogen deficiency

conditions.

Four transgenic lines of Chlamydomonas reinhardtii harboring two different
version of CsDGAT (CsDGAT V1 and V2) under the control of a strong
constitutive promoter were generated for the functional characterization of this

gene.
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