ABSTRACT

SRIRANGAN, SOUNDARYA. Molecular Characterization Bfinaliellaspp Growth and
Primary Metabolism in Response to Environmental Charfgesler the direction of Dr.
Heike Winter-Sederoff.)

There is a renewed intetan the use of microalgae atternative, carbon neutral and
sustainable energy resources due to the increasing energy demand, depleting supply of fossil
fuels and thenvironmentatoncerns associated withoglal warming Marine nicroalgaeare
apromising feedstock for biofuels, since they are devoid obnadipwbacks associated with
terrestrialcrop plants such agquirement of land or fresh water resources for cultivation.
The use of marine microalgae liknaliella spp is advantageoudecause they grow fast,
accumulate high levels of triacylgycerid€BAGs; oil) with little need for fresh wateand
lack a rigid cell wall, which makes the TAG extraction process less expensive. For maximal
productivity, fast growth and accumulation of high quantities of oil are the most desirable
traits, because they provide in a short amount of time large quantities of biomass with high
levels of oils. @Il division rates and’AG accumulation exhibit an inverse relatioipsim
algae, becauseell division rates are maximal under optimal growth conditions W& as
carbon and energy storage composeatdcumulateluring growth limited conditionsTAGs
are direct precursors for biofuel production, however, very little nswk about the
molecular mechanism behind TAG accumulation in microalgae.

The research reported here focused on understanditigngseesolved physlogical,
metabolic and transcriptomicesponse ofDunaliella viridis dumsii to photoperiod,
temperatur@and the integratio of both environmental changes. We found thataite of cell

division in D. viridis increasedunder continuousight compared to light:dark cyclesvhile



an increasein temperature from 25°C to 35°C did not significantly affect thedreision

rate, but increased thEAG per cell severalold under continuous light. The amount of
saturated fatty acids ithe TAG fraction was more responsive to an increase in temperature
than to a change in the light regimiganscriptomeanalysis showd thatgenes coding for

fatty acidbiosynthesis enzymas response t@levated tempetare arenot transcriptionally
regulated, whileTAG biosynthesisunder continuous light at elevated temperatsrdriven

by transcriptional upegulation of lipases wolved in the recycling ofatty acidsfrom
membrane lipidsStarch metabolisnwas controlled via transcriptional regulation of its
degradation enzymes and does not respond to temperature changes under light:dark cycles,
butwassensitive to temperature der continuous light.

Dunaliella possess useful traits for biofuel production, although, the high cost of
controlled growth and harvesting have prevented the development of this techablogy
commerciallevel. Expression of highalue ceproducts like indstrial enzymes could offset
the high costs of algae cultivatiassociated with photobioreactors and harvesting, and make
algaederived biofuels commercially viable. To produce recombinant enzynigsnialiella,
methods for stable transformation are regghirThis study contributed to the development of
molecular tools for nuclear transformation®f viridis dumsii for genetic engineering. We
isolated and used then@ogenous promoters and terminatofsthe ribulose bisphosphate
carboxylase/oxygenase smallibunit (bcS of D. viridis to drive the expression of the
reportergene encoding the Bhanced Gr een F | u oGFB samdBleomyci®r ot e i |
(ble) conferring resistance w@ntibiotic zeocinTransformation was attemptég mechanical
stress usinglass beads aruy electroporationA novel method of embeddirig. viridis cells

in solid growthmedia while selecting witheocin was developed to improve the efficiency of



colony forming units after transformation. Our attempt to transf@mviridis with a
heterologous ThioestemsA from the halophilic bacteriur€hromohalobacter salexigens
resulted in transgenic lines, but did not provide stable integration of the transgenes into the

nuclear genome.
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Chapter 1

Literature Review

Microalgae as potential feedstock for biofuels

Over the past decade great interest has been shote idevelopment of clean,
renewable and sustainable energy sources due to the depleting supply of pdiagedm
fuels and the contribution of these fuels to the accumulation of carbon dioxide in the
environment(1). Biodiesel produced from oil crops ispatential renewable and carbon
neutral alternative to petroleum fuels. Although, biodiesel produced from oil crops will not
satisfy the increasing energy demand and in addition few of the oil crops also serve as food
crops and hence food versus fuel peoblneeds to be addressed (1). In addition, large
cultivation areas will be needed for growth of the major oil crops for biodiesel production in

order to satisfy only half the existing need of U.S. transportation fuels (Table 1.1) (2).



Table 1.1. Comparison of different sources of biodiesel feedstogR).

Oil yield Land area Percent of existing
Crop (L/ha) needed (M h&) US cropping aréa
Corn 172 1540 846
Soybean 446 594 326
Canola 1190 223 122
Jatropha 1892 140 77
Coconut 2689 99 54
Oil palm 5950 45 24
Microalga® 136900 2 1.1
Microalgaé 58700 4.5 2.5

& For meeting 50% of all transport fuel needs of the United States.
P 70% oil (by wt) in biomass.
©30% oil (by wt) in biomass.

Microalgae have been proposed as the third and fourth generation biodiesel feedstock
(3, 4), since they are devoid of major drawbacks associated with the terrestrial crop plants
such as requirement of land or fresh water resources for cultivation. Onlgdreit3% of
the total United States cropping area would be needed for producing algal biomass, which
could satisfy approximately 50% of the transportation fuel needs as per the current rate of
consumption (Table 1.1) (2). Microalgae are aquatic, phatiesiio organisms representing
vast genetic diversity with ability to survive awide range of environmental habitats such
as fresh water, brackish, marine and hygame, varying range of light, temperature and pH
and unique nutrient availabilities (3)Vith over 40,000 species already identified and with
many more yet to be identified, algae are classified in three major groupings such as green
algae (Chlorophyceae), diatoms (Bacillariophyceae) and red algae (Rhodophyceae) (1)

Microalgae havesimple gowth requirements such as light, sugars, carbon dioxide, nitrogen,



phosphorous and potassium to produce lipids, proteins and carbohydrates in large amounts in
short periods of time. These products can be processed into both biofuels and valuable co
produds and in addition the residual biomass after oil extraction can be recycled as feed or
fertilizer for new algal growth (3, 6). Microalgae grow extremely rapid and double their
biomass within 24 hours (2). Likeascular plants, microalgae use sunlight fasrtonly

energy source to produce oils, but the oil productivity of many microalgae greatly exceeds
that of the best oil producing crops as shown in Table 1.1 (2). Oil production of certain
microalgae can exceed 80% by weight of dry biomass (6, 7), vheilelevels of 2660%

are quite common (Table 1.2) (2).

Table 12. Oil content of microalgae(2).

Qil content (% dry

Microalga wit)
Botryococcus braunii 2575
Chlorella sp. 28-32
Crypthecodinium cohnii 20
Cylindrothecasp. 16-37
Dunaliella primolecta 23
Isochrysis sp. >20
Nannochloris sp. 20-35
Nannochloropsis sp. 31-68
Neochloris oleoabundans 3554
Nitzscha sp. 45-47
Phaeodactylum tricornutum 20-30
Schizochytrium sp. 50-77
Tetraselmis sueica 1523



In addition to the inherent oil potential, studies have shown further increase in oil
accumulation in microalgae by varying their growth conditionsLl38 Apart from oil
accumulation potential for biofuel production, microalgae also offers othentzdys from
environmental perspectivd-or example, a study has shown that the microalgal biomass
production and utilization using carbon dioxide sequestered from flue gases has greater
potential for the reduction of greenhouse gas emission (14). Also, algageocgrown by
utilizing nutrients such as nitrogen and phosphorous from a variety of waste water resources,
which results ira decreasedost of fertilizer needed for growing them to harvest oil and also
provides the additional benefit of wastewatertamediation (1, 6). Lastly, cultivation oe
algae can be done either in a phbtoreactorsvhere cells ca be grown throughout the year
or in an open pod systemwith an annual biomass productivity on an area basis exceeding
that of terrestrial plants yb approximately tenfold (1) Hence these properties neak

microalgae as an ecological and economically feasible feedstock for biofuel production.

Despite its inherent potential as a biofuel energy resource, theadeaveconstraints
to considerwhile usng microalgae as a sustainable source of energycammercial scale
To mentiona few, species selection must balance requirements for both biofuel production
and value added goroducts but at the same timet compromisehe growth rate. Also,
difficulties in large scale culturing techniques and optimization of growth determining factors
for not only inducing more oil but also for obtaining desired fatty acid composition of oil

needs to be addressed (3). Clearly, there is a need for the genetic atempfl microalgae



in the future, since it is not feasible to concurrently achieve increased photosynthetic
efficiency, enhanced biomass, increased oil potential and even more phenotypes in an
individual strain of interest. In order to implement genetigieeering strategies to further
improvethe quality of the microalgal strain, there is a need for thorough understanding of the
major genes and pathways regulating cell division and lipid accumulation in these

microorganisms.

Lipids and lipid metabolism in algae

Overview of lipids structure and function

Lipids are naturally occurring organic compounds mainly composed of carbon and
hydrogen. Lipids include both fats (solid form) and oils (liquid form), and are an essential
constituents of all living cells. Unlike other energy sources like glucose, lipdimsoluble
in water and can be extracted from cells only using nonpolar organic solvents such as
chloroform. Lipids are extremely diverse in structure and constitiaée products of major
biosynthetic pathways in plants. The most abundant types of lipjlantcellsare derived
from the fatty acid andhe glycerolipid biosynthetic pathway (Figure 1.1) and those lipids
contribute to the cell membranes which isH®6 by dry weight, and the other types of

lipids are derived from the isoprenoid pathway)(1



Glycerolipids are characterized by a glycerol backbone with one, two, or three fatty
acyl groups attached, and can be divided into two large subclasses based on their specific
function, such as storage oils or membrane lipids (16). Membrane lipitsircewo fatty
acyl groups and generally have a polar gjdeup at the si8 position of their glycerol
backbone (Figure 1.1). These lipids are the essential building blocks for cell and organelle
membranes. Storage lipids have three fatty acyl groupshattatothe glycerol backbone,
and these lipids are known as triacylglycer@AG; oil). The lipid classes include neutral
lipids (mainly TAGS), polar lipids (glycolipids and phospholipids), wax esters, sterols and
hydrocarbons, as well as prenyl derivas such as tocopherols, carotenoids, terpenes,

quinones and chlorophylls (1).

Lipid membranes serve as major barriers and heldelineating the cell and its
compartments, and also form the sites for essential processes to occur, which includes the
light harvesting and electron transport reactions of photosynthesis. The importance of
membranes and membrane biogenesis to cell growth and division are well known. Animals
use fats for energy storage whereas plants use them for both energy and carbonistorage
plants, lipids are the major form of carbon storage in the seeds especially in the form of
triacylglycerol, constituting up to ~60% of the dry weight of seeds of many plant species
(15). The stored triacylglycerol in plant seeds gets converted imtmloadrates during
germination thereby releasing energy which will be used for the seed growth and

developmentCuticular lipids prodoed by the epidermal cells cotte surface of plants,



preventing water loss due to transpiration and also prptant aainst biotic and abiotic
stresses. In additioripids also act as a signaling compound and medigteskeleton

rearrangements and membrane trafficking in plants (17).
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Figure 1.1 Structures of the major fatty acids andglycerolipids of plant cell membranes(15). The fatty

acid and glycerolipid structures are arranged in approximate order of their abundance in plant leaves. The fatty
acids are referred to by the number of carbon atoms (before the colon) and the nudtwdreobonds (after

the colon).

Algal lipids

In higher plants, the individual classes of Ipiare synthesized and localized in a

specific cell, tissue or organ, whereas many of these different types of lipids are synthesized



and stored in a single ¢éh algae (1). It is believed that the basic pathways of fatty acid and
TAG biosynthesis in algae are directly analogous to those demonstrated in model seed plants
such asArabidopsis based upon the sequence homology and some shared biochemical
charactestics of a number of genes and/or enzymes isolated from algae and higher plants

that are involved in lipid metabolism (1).

In higher plants and algae, the Aamosphorous galactolipids and sulfolipids of the
plastid membranes constitute a significantpomion of the total membrane lipids along with
the phospholipids, wheas glycerophospholipids senss major membrane lipids in
mammalian, fungal and bacterial systems (18,. )rthermore, algae hava non
phosphorous betaine lipid diacylglycefd)N,N-trimethylhomoserine (DGTS), which also
contributes to the membrane lipids as in some bacterial species (20, 21). The main
distinguishing feature of lipid metabolism found in the grelyaChlamydomonafom that
of higher plants, is the lack of phospligtcholine (PC) in membrane lipids (22, 23), instead,

DGTS replaces the role of PC (24).

Algae synthesize fatty acids mainly for esterification into membrane lipids, about
~5-20% of their dry cell weight (DCW) under optimal growth conditions (1). Theomaj
membrane lipids are the glycosylglycerides such as monogalactodiacylglycerol (MGDG),
digalactodiacylglycerol (DGDG) and sulfoquinovosyldiacylglycerol (SQDG) which are
enriched in the chloroplast, together with significant amounts of phosphoglycerafeassu

phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) which mainly reside in the



plasma membrane and many endoplasmic membrane systems (1, 16, 25). The majority of
fatty acids constituting membrane lipids are polyunsaturated which are denvéde b
desaturation and elongation processes from the precursor fatty acids, palmitic (16:0) and

oleic (18:1%¥9) (26).

Under unfavorable environmental growth conditions, however, many algae alter their
lipid biosynthetic pathways towards the formation anduaulation of neutral lipids (20
50% of DCW) mainly in the form of TA& The synthesized TA&are assembled into oil
bodies and stored ithe cytosol, which primarily serve as a storage form ofooarand
energy and also appetar be a protective mechamsby which algal cells cope with adverse
environmental conditions (1). Specific growth conditions can induce accumulation of oil in
microalgae, for example, nitrogen deprivation, salt or light stress, highc@t@entration
have all been shown to increamkaccumulation in different algal species (8, 9, 11, 27, 28).
In the green algd)unaliella bardawi| in addition to the cytosolic lipid bodies, the formation
and accumulation of lipid bodies under excess irradiation was also found to occur in the

innerthylakoid space of the chloroplast and are referred to as plastoglobuli (29).

Fatty acids are the building blocks of TAG and other cellular lipids, however the
information regarding the expression of genes involvdtenfatty acid synthesis pathway in
algae are not adequate (1). TAGs are useful precursors for conversion into biodiesel (30) and
react with methanol in a reaction called transesterification to produce methyl esters of fatty

acids (biodiesel) and glycerol ag@product as shown in Figure 1.2 (2). Lack of substantial



information about the mechanism of TAG accumulation in microalgae is a major bottleneck

for exploiting these microorganisms as a feedstock for biofuel.

CHz-OCOR, e, THEOH R, —COOCH,
CH—OCOR, + 3HOCH; =——= CH—OH + R,—COOCH,
CH5-0OCOR, CH5-0OH R;—COOCH,
Triglyceride Methanol Glycerol Methyl esters
(parent oil) (alcohol) (biodiesel)

Figure 1.2. Transesterification of oil to biodiesel(2). R;.zare hydrocarbon groups

Chlamydomonas reinhardtia green algaas widely used as a model organism for
investigating the mechanism of TAG synthesis in microalgae, because of the availability of
sequenced genome and genetic tools38)l It is important to understand that the lipid and
oil accumulation potential in gea algae were found to be species/stsgecific, rather than
genus specific (35). Therefore, there is a need to examine lipid synthesis and accumulation in
diverse microalgae, which has potential for novel insights into new mechanisms to enhance
lipid production. Although, lack of genome sequence information and difficulties in genetic
transformation for forward or reverse genetics studies limits the understanding of lipid
accumulation in most of the oleaginous microalgae. Hence most of the candidatdngene
algal lipid metabolism identified so far has beerCimamydomongdased on the putative
orthologues of genes known to encode biosynthetic enzymes in lipid metabolic pathways

from yeast, Arabidopsis or cyanobacteria. Those candidate genes were fahtiby

10



combined knowledge oih silico predictions and a detailed review of the experimentally

verified pathways and their list is provided in Table (BS).

Table 13. Assignment of candidateChlamydomonagyenes encoding enzymes of glycerolipid metabolism

(36). *Assignment of candidate genes was based on putative peabtdopsisor cyanobacterial orthologues

and prediction of subcellular localization as previously described (21, 33). Single isoformgpuealicted to

be dually targeted to mitochondria and chloroplasts are italicized. Gene names are as previously published (21
and correspond to those of homologues from either yeagirabidopsis °Genes encoding experimentally
confirmed enzymesSQDX37); BTAL21); EPT1(23); ECT1(23); FAD6a(38); FAD13(39). “Gene information
obtained as described (32).

Description Gene Accession #

Plastid and Mitochondrial Pathways

Acetyl-CoA carboxylase components

Alphacarboxyltransferase ACX1 EDP00637
Betacarboxyltransferase BCX1 EDO96563
Biotin carboxylase BCR1 EDO97049

BXP1 [BCCI] EDO98131
Biotin carboxyl carrier protein BXP2 [BCC2] EDP09857

ACP1 EDO0O98915
Acyl carrier protein (ACP) ACP2 EDP09036
MalonytCoA: ACP transacylase MCT1 EDP09600

Type Il fatty acid synthase components

KAS1 EDO97709

KAS2 EDO98446
3-ketoacylACP synthase KAS3 EDO96631
3-ketoacylACP reductase KAR1 EDP06155
3-HydroxyactACP dehydratase HAD1 EDP03190
EnoytACP-reductase ENR1 EDO97343
Glycerol3-P: Acyl-ACP acyltransferase ATS1 EDP02129
Lyso-phosphatidate: AcyACP acyltransferase ATS2 XP_001699736.1

11



Table 1.3 Continued

CDP-diacylglycerol synthetase CDS1 [PCT1] EDP04328
PGP1 EDQO97733
Phosphatidylglycerolphosphate synthase PGP2 ED098928
Phosphatidylglycerolphosphate phosphatase no candidate
Phosphatidate phosphatase no candidate
UDP-sulfoquinovose synthase sQD? EDO099781
SQD2 EDP09400
Sulfolipid synthase SQD3 EDO98898
Sulfolipid 2'-O-acyltransferase no candidate
Monogalactosyldiacylglycerol synthase MGD1 EDP09106
Digalactosyldiacylglycerol synthase DGD1 EDP08851
AcylACP thioesterase FAT1 EDP08596
Cytosolic Pathways
LCSs1 EDO96800
Long-chain acylCoA synthetase LCS2 EDP08946
Glycerol3-P: Acyl-CoA acyltransferase GPAT9 XP_001696468.1
Lyso-phosphatidate: AcyCoA acyltransferase no candidate
PAP1 EDO97062
Phosphatidate phosphatase PAP2 ED099916
PAH1 EDP05457
CDP-diacylglycerol synthetase CDS2 [PCT2] EDP05553
AdoMet synthetase SAS1 (METM) EDP08638
Betaine lipid synthase BTAP EDP07133
CDP-ethanolamine: diacylglycerol ethanolami
phosphotransferase EPT? EDP03425
Serine decarboxylase SDC1 EDP09397
Ethanolamine kinase EKI1 [ETK1] EDP01663
CTP: Phosphoethanolamine cytidylyltransferase ECTP EDP03532

12



Table 1.3 Continued

Phosphatidylglycerolphosphate synthase PGP3 EDP06071
Phosphatidylglycerolphosphate phosphatase no candidate
Inositol3-phosphate synthase INO1 EDP05930
CDP-DAG: Inositol phosphotransferase PIS1 EDP06395
Fatty acid desaturases
Plastidic isoforms (as judged by ChloroP analysis)
StearoylACP-gp 9desaturase FAB2 EDP04705
Phosphatidylglycerol palmitaigp 3-desaturase
Monogalactosyldiacylglycerol pamitatp 7desaturase FADS [FAD5A] EDP02613
FAD6& [DES6] EDP03637
¥-6 desaturase FADG6b EDP01638
¥-3 desaturase FAD7 EDP09401
MGDG 16c a r b edasatupase no candidate
Cytosolic isoforms
FAD2a EDP04777
Oleate desaturase FAD2b
Linoleate desaturase FAD3
5 Desaturase FAD1? EDP08027
TRIGLYCERIDE SYNTHESIS
Diacylglycerol acyltransferases typeDGAT]) AREL1, ARE2 Cre01.9g045900
Diacylglycerol acyltransferases typeRGTTY) DGA1 EDO096893
Diacylglycerol acyltransferases typeRGTT2 Cre02.9g121200
Diacylglycerol acyltransferases typeRGTTJ Cre06.9299050
Diacylglycerol acyltransferases typeRGTT4) Cre03.9g205050
Diacylglycerol acyltransferases typeRGTTH Cre02.g079050
Phospholipid: Diacylglycerol acyltransferase LRO1 [LCA1] EDPO07444
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Fatty acid biosynthesis and desaturationn algae

In algae, thade novosynthesis of fatty acids ithe chloroplast occurs via a system
very similar to that of bacteria (40). A basic scheme for fatty acid biosynthesis is shown in
Figure 1.3 (1). Candidate genes for enzymeth@fatty acid syntesis pathway identified

from Chlamydomonagenome are listed in Table 1.3.

The committed step ithe de novasynthesiof fatty acidsis the conversion of acetyl
CoA to malonyl CoA, catalyzed by acetyl CoA carboxylase (ACCase) (41). In green algae,
as shavn in Arabidopsisseed oil biosynthesis, glycolysierived pyruvate from both the
chloroplast and cytosol acts as the major photosynthate, which is converted into acetyl CoA
for de novofatty acid synthesis (42). Although, more than one pathway couldilmatet to
the acetyl CoA pool in plants, since acetyl CoA is the central metabolite required for
synthesis of isoprenoids and amenmds, in addition to the fatty acids synthesis pathway (41,
43). Extensive experiments in plants using leaf tissue, irdichiat acetyl CoA synthetase
also contributes to the acetyl CoA pool by converting free acetate into acetyl C@®)(44
The formation of malonyl CoA from acetyl CoA takes place in two steps and is catalyzed by
a single enzyme complex ACCase (Figure 1iR)the first step, which is ATP dependent,
CO, from (HCOy) is transferred by the biotin carboxylase portion of ACCasettogenof
bi otin prosthet i eamigorgmupmf adysire aesidue. th the secondhseep, U
catalyzed by carboxyltransferase, the activated i€@ansferred from biotin to acetyl CoA

to form malonyl CoA (15).

14
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Figure 1.3. Fatty acid de novosynthesis pathway in chloroplasts adapted and modified fronil5). Acetyl

CoA enters the pathway as a substrate for acetyl CoA carboxylase (Reaction 1) as well as a substrate for the
initial condensation reaction (Reaction 3). Re&ac2, which is catalyzed by malonyl CoA:ACP transferase and
transfers malonyl from CoA to form malonyl ACP. ACP refers to Acyl Carrier Protein. Malonyl ACP is the
carbon donor for subsequent elongation reactions. After subsequent condensatickejdaeyBACP product

is reduced (Reaction 4), dehydrated (Reaction 5) and reduced again (Reaction-kgtdncgl ACP reductase,
3-hydroxyacyl ACP dehydrase and enoyl ACP reductase, respectively.

In plastid containing organisms, ACCases are present in the cyoddhe plastid
and two different forms exist, thieeteromeric (prokaryoticand homomeric (eukaryotic)
form (47). The presence of homomeric or heteromeric ACCase in algae is dependeat on
origin of the plastid and the differences in the substrate binding regions of its subunits (47).

In green algae (exceptasinophyceae clasahd red algae, the heteromeric form existhen
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plastid and irheterokontophyta and haptophyta, the homoenienm is found inthe plastid

(47). The plastidic isoform of ACCase is predominant in algae and is a tetrameric bacterial
type enzyme consisting of four subunits: biotin carboxylase (BC), biotin carboxyl carrier
protein -¢dBCICPY y!| tUCT)n,s f acmadr bbo x (y U t rCT)N(48f. Eheas e (
BCCP is found to have 2 isoforms and the other three subunits are single gene members in
Arabidopsis thaliang49). PutativeChlamydomonagenes that encode the components of
plastidic ACCase are presented iable 1.3. Similar tcArabidopsis the BCCP subunit is
predicted to have 2 isoform proteins, whereas the other three subunits are single isoform
proteins and predicted to be dually targeted between plastid and mitochondria in
ChlamydomonasgTable 1.3)(36).1 n hi g h e r -Cp subunitisplastid éneded (50,

51), whereas the remaining subunits are nuclear encoded. ACCase purified and kinetically
characterized from two unicellular algae was similar to that of higher plants, and found to
havea molecula mass of ~700 kDa with four identical biotin containing subunits, which are
multi-functional peptides with domains responsible for both biotin carboxylation and

subsequent transfer to acetyl CoA (52, 53).

Plastidial ACCase is regarded as central in &g the initiation of fatty acid
biosynthesis and its activity is found to be controlled at multiple levels in higher plants (41).
Regulation of ACCase was found to occur via reversible redox activation (54) or reversible
protein phosphorylation (55) miaded by light in higher plants. Ithe diatom Cyclotella

cryptica, the activity of ACCase increased ~2 and 4 fold, after 4 and 15 hours of silicon

16



deficient growth respectively, suggesting that the higher enzymatic activity may partially
result from a coalent modification of the enzyme (56). However, the addition of protein
synthesis inhibitors blocked the increased enzymatic activity of the ACCase, suggesting that
the enhanced activity of ACCase could also be due to the increase in the rate of enzyme
syrthesis (56, 57). In additionhe increased expressiontbk plastidial ACCase genaccl

in diatomsCyclotella crypticeandNavicula saprophiladid not result in anncreased fatty

acid content, suggesting that tregulation of ACCase is controlled by feedback inhibition
(58, 59). In oilseed plants, there is some evidence for feedback regulation of plastidic
ACCase by 18:ACP (60). In tobacco, ACCase protein levels did not change during the
feedback inhibition byxogenous addition of oleic acid in the form of oleoyten (Tween

18:1), indicates that the inhibition of fatty acid synthesis occurred through biochemical or

posttranslational modification of ACCase (61).

Malonyl CoA, the product of the carboxylatioraotion serves as the central carbon
donor for fatty acid synthesis (15). Transfer of malonate from malonyl CoA to i8CP
catalyzed by malonoA:ACP transferase (MCT), and the putative homologue from
ChlamydomonaséTable 1.3), was identified in a proteonsicreen for thioredoxin interacting
proteins (62). This proposed redox control of MCT, coupled with the presumed regulation of
ACCase activity, could represent another layer of regulation in the fatty acid biosynthesis.
Following the synthesis of malomplCP by MCT, fatty acid synthesis in plastids continues

by the action of a type Il (bacterial) heteromultimeric FAS complex, located in the stroma of

17



chloroplast (40, 63). Candidate genes for the enzymes in FAS complex are identified in
Chlamydomongsand ae listed in Table 1.3. The fatty acid synthase (FAS) whgh
comprisedof the condensing enzymesk&toacyl ACP synthase | (KAS I)-li&toacyl ACP
synthase Il (KAS Il) and-&etoayl ACP synthase Ill (KAS IlI) isnvolved in transfer of the
malonyl moietyto acyl carrier protein (ACP) and also catalyzes the extension of the growing
acyl chain with malonyl ACP (Figure 1.3). Thek8toacyl ACP product formed after
condensation is reduced by the enzym&ke®acyl ACP reductase, dehydrated by
hydroxyacyl ACP @hydratase and then further reduced by the enzyme enoyl ACP reductase

to form 16 or 18carbon saturated fatty acyl ACPs (Figure 1.3) (1, 15).

The elongation of fatty acgdis terminated using acACP thioesterase which
hydrolyzes the fatty acyl ACP amdeases free fatty acids (1, 1% has been shown that the
proteinprotein interactions between ACP and thioesterase are required to mediate the
hydrolysis of fatty acids from fatty aclCP in bacteria (64) and in plants (65). Similar
interactions bet@en Chlamydomonas reinhardtiACP (CrACP) and endogenous
thioesterase (CrTE) was found in the algal chloroplast usirgilico andin vitro studies
(66). In addition, overproduction of the endogenous thioesterase (G@rMy)o resulted in
increased levsl of short chain fatty acids i@hlamydomonagsalthough engineering plant
thioesterases into the chloroplast@ilamydomonas reinhardtdid not alter the fatty acid
profile (66). The thioesterase substrate specificity can influence the lipid profile of a

organism (67) and plant thioesterases have been engineered into a variety of plant species for
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altering their oil content (65). The satted fatty acids produced seras substrate for a
number of fatty acid desaturase enzymes. The dit618carbon, satrated or mono
unsaturated fatty acids produced fréime fatty acid biosynthesis pathway are used for lipid
synthesis within the plastid (the prokaryotic pathway) and a major portion is exported into
the cytosol by the plastidic acyltransferases for ghlgad assembly at the endoplasmic
reticulum (the eukaryotic pathway) as shown in Figure 1.4 (68). A detailed review of
glycerolipid synthesis both ithe plastid and endoplasmic reticulum will be discussed later in
the chapter.The end products of chlorlgst fatty acid synthesis are -16r 18carbon,
saturated or monansaturated fatty acids (15). However, the predominant fatty acids in
Chlamydomonagpids are polyunsaturated (22). The fatty acid desaturases are the enzymes
responsible for the productiof these polyunsaturated acyl species,aifegv of its plastidic

and cytosolic isoforms are identified @hlamydomonady forward and reverse genetics
(21). Several genes in tlighlamydomonagienome also encode proteins with similarity to
chalcterizedfatty acid desaturasenzymes from other plants, which includes steafdyP

del ta desat ur -8desaturaselara thp éxpds & $ ©Hdi d¢a rR3ddesaturases
(Table 1.3). AChlamydomonamutant fles§ def ect i ve i n-6gogtisneof ur at i
fatty acids of MGDG, DGDG, SQDG and PG, was also found to have photosynthetic defects
(69). Efforts to complement the wiltype DES6gene restored the desaturase activity but not

the photosynthetic defect (38).
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Figure 1.4. The prokaryotic and eukaryotic pathways of glycerolipid synthesis in microalgae modified
from (68). Abbreviation: ER, endoplasmic reticulum. Enzyme abbreviations: RuBisCO, Ribulose 1,5
bisphosphte carboxylase oxygenase; A& acetyl coA carboxylase; FAS complex, fatty acid synthase
complex; FAT, Fattyacyl ACP thioesterase; LACS, long chain acyl coA synthetase; GPAT, ghg&erol
phosphate acyltransferase; LPAT, lysophosphatidic acid acyltransferases; PAH, phosphatiiosatidtase;
DGAT, Diacylglycerol acyltransferases; PDAT, phospholipid:diacylglycerol transferase; PGD1, plastid
galactoglycerolipid degradation 1. Compound abbreviatiodlBG3 3phosphoglycerate; Glyc3P, glycei®l
phosphate; PA, phosphatidic acid; DAGgdiacylglycerol;, PG, phosphatidylglycerol; MGDG,
monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol;
LysoPA, lysophosphatidic acid; PE, phosphatidylethanolamine; PI, phosphatidylinositol; DGTS, diacylglycerol
N,N,N-trimethylhomoserine and TAG, triacylglycerol.

Fatty acid synthesis has also been demonstrated to occur in the mitochondria of
plants, where the octanoate (medium chain fatty acid) gets converted to lipoic acid, the

prosthetic group for major mitochondrial enzymes. It has been found that the majority o
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enzymatic activities for plastidic fatty acid biosynthesi€mamydomonawere represented
by single geneg21). Given that fatty acid synthesis takes place in both chloroplast and
mitochondria, suggests that most of the fatty acid synthesis proteysanget between the
two organelles inChlamydomonasThese potentially dudhrget proteins are italicized in

Table 1.3 (36).

Glycerolipid biosynthesis in algae

Glycerolipids existas glycerophospholipids and nphosphorous glycerolipids in
photosyntheéc organisms. The majority of the plastid membranes arephosphorous
glycerolipids and the extrplastidic membranes are made up of glycerophospholipids. Due to
the substantial burden of phosphate homeostasis in a plant cell, the abundant photsyntheti
tissue of the plant is made up of Rpimosphorous glycerolipids. Thie novaosynthesis of all
glycerolipids involves the formation of phosphatidic acid (PA), from which phosphate is lost
during the synthesis of the diacylglycerol (DAG) moiety. Both iasptd and endoplasmic
reticulum (ER), DAG later serves as the substrate for the production of all other
glycerolipids. The distribution of fatty acids between thelsand sk position of a
glycerolipid is generally considered to reflect its biosynthetigin (22), lipids in which the
sn2 position is occupied by I® fatty acids are of plastidic origin, and those with8Gatty
acids in that position are of cytoplasmic origin. A basic pathway of glycerolipid biosynthesis
is shown in Figure 1.4 and tli@&hlamydomonagrthologues of genes encoding the enzymes

of glycerolipid synthesis are listed in Table 1.3.
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Phosphatidic acid synthesis

In the plastid (prokaryotic pathway), the fatty aéyTPs produced from the fatty acid
synthesis pathway act as substrates for the plastidic enzymes gBlqerosphate
acyltransferases (GPAT) and lysophosphatidic acid acyltransferases (LPAT), to form the
central glycerolipid precursor PA by reacting with glyce3gdhosphate (GLYC3P). The
free fattyacids produced from the plastid via thioesteraseegported into the ER via the
cytosol and are converted into fadgyFCoAs by long chain acyCoA syntletase (LCAS).

The acylCoA reacts with GLYC3P to form LysoPA by the action of cytosolic GPAT and the
formed LysoPA gets converted into PA using cytosolic LPAT or GPAT. Two geG&4

and LCS2 coding for cytosolic long chain acylCoA synthetase are foundthie
Chlamydomonagenome (Table 1.3). The enzymatic activities of GPAT and LPAT have not
been studied directly i€hlamydomongshowever studies from other organisms explained
the snl,2 acyl chain distribution that has been observed (22). Isolation off GR& LPAT

from higher plants showed higher substrate affinities towards efOR (70) and
palmitoytACP (71) respectively. Thérabidopsis mutants defective in plastid GPAT
(encoded by the gem®CTYATS) resulted in loss of DAG synthesis time plastidand also
forced increased flux through the eukaryotic pathway of thylakoid lipid synthesis (72). Genes
corresponding to GPAT and LPAT enzymes in the plastid has been identified in
Chlamydomonasalthough only extrplastidic GPAT isoform was found in tlogtosol but

not the LPAT. This might be either owing to the incomplete sequence coverage in the
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genome or due to the divergent protein in algae or broader sulsietdicity of GPAT

enabling the catalysis dbth reactions (Table 1.3) (33).

Diacylglycerol synthesis

The PA produced inthe plastid/ER gets dephosphorylated by the action of
phosphatidic acid phosphatase (PAP) forming diacylglycerol, which later serves as substrate
for galactolipid (MGDG and DGDG) and sulfolipids (SQDG) biosynthesis undemalp
growth conditions and for neutral lipids (TAG) under stressful growth conditions. The DAG
thus produced through the prokaryotic pathway using plastidic GPAT and LPAT will have
sn1/sn2 position with molecular species preference of 18:1/16:0 andghrthe eukaryotic
pathway using extrplastidic GPAT with a preference of 18:1/18:0. Homologs of
ArabidopsisPAP1 and PAP2 have been found inChlamydomonass cytosolic isoforms
(Table 1.3), but the gene models needs to be functionally characterizearidwipt levels
of PAPlandPAP2increased under nitrogen deprivationdhlamydomongswvhich explains

theirrole in generating substrate for TAG synthesis under stress conditions (34).

Phosphatidylglycerol synthesis

PA also gets converted into cytidibed@iphosphataliacylglycerol (CDPDAG) by
the action of CDRliacylglycerol synthetase. Both plastid and cytosolic isoforms of the
enzyme CDHRliacylglycerol synthetase has been founchlamydomonag¢Table 1.3). The

formed CDPDAG reacts with GLYC3P to syhesize phosphatidylglycerol (PG) using
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phosphatidylglycerolphosphate synthase and/or phosphatidylglycerolphosphate phosphatase.
PG plays an important role in the structure and functiothethylakoid membrane (73).
Chlamydomonamutants (f1 andmf-2) deficient in PG biosynthesis resulted in significant
reduction in thylakoid stacking and impaired photosystem Il funcaod this defect was
mainly due to the lack of 167F bne of the thylakoigspecific molecular species of PG (74,
75). A feeding expement with 16:%°{o mutantmf-2 resulted in the incorporation of the
exogenous lipid into the thylakoid membrane and the photosynthetic defect got restared (74)
This suggested that the absenck this lipid is atleast partially responsible for the
phobsystem Il defects. Aside from the plastid, the PG biosynthesis is also found to take
place in the mitochondria and ER. Three isoforms of phosplydgigcerolphosphate
synthase werefound in Chlamydomonas(Table 1.3) and the candidates coding for
phosphatidyltycerolphosphate phosphatase hawe been found yet. Two of these isoforms

are predicted with targeting sequencérplastid and mitochondria (21). The ethisoform

is predicted to beytosolic,although the candidate gene is not found in the EST database of
ChlamydomonasThis correlated with the fact that the amount of PG contributintpeéo

endomembrane systemtime cytosol is lesser than that in the plastid and mitochondria (22).
Phosphatidylserine, Phosphatidylethanolamine, Phosphatidylcholine and DGTS synthesis

Aminoglycerophospholipids are basic building blockshafextraplastidic membrane
in plants. Aminoglycerophospholipid metabolism @inlamydomonagliffers from that of

seed plantsmainly due to the absence ofie enzyme phosphatidylethanolamine- N
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methyltransferase (PEMT) which provides the pathway for methylation of
phosphatidylethanolamine (PE) to form phosphatidylcholine (PC) (36). The activity of
PEMT generates phosphocholine fmmversion into CDRholine followed by transfer of
phosphocholine onto DAG, giving rise to PC. The apparent lack of the pathways for
biosynthesis of PC inChlamydomonagscorrelates with the lack of PC from cellular
membranes (22). The betaine lipid (DQT8places the role of PC @hlamydomonag22,

24, 76).

DGTS is a nosphosphorous glycerolipid, consisting of DAG bound in an ether
linkage to a quaternary amine alcohol. These lipids are widely distributed in fresh and marine
water algae, mosses, feraad other notvascular plants (20). The DGTS are similar in
structure to PC and functionally repégaleC in membranes ahlamydomonag77). Genes
encoding for DGTS biosynthesis enzymésalA and btaB) were identified inthe purple
bacterium Rhodobactersphaeroides(20) and the presence or absence of DGTS in an
organism is found to be dependent pimosphorous availability (78). ThietaA gene is
proposed to encode anafenosylmethionine:DAG 3 amif8carboxylpropyl transferase
leading to the formation of dcylglycerylhomoserine. ThétaB gene encodes an- S
adenosylmethionindependent Nnethyltransferase that converts diacylglycerylhomoserine
in three consecutive methylation reactions into DGTS (79)ClhtamydomonasBTA1
appears to encode both activitieeeded for the synthesis of DGTS and is functionally

characterized for its activity iBscherichiacoli (21, 79) and the cytosolic isoform BTAlis
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presented in Table 1.3. TihlamydomonaBTA1 protein has two domains, one of which is
homologous tdR. shaeroides btaAand the other tbtaB (20, 21). The regulation of DGTS
biosynthesis is not yet investigated @nlamydomongsbut knowing that their membrane

composition is complex, this process is likely expected to be affected by multiple inputs.

Phospatidylserine (PS) is the major precursor of phosphatidylethanolamine (PE) in
yeast, bacteria, and plants, and its synthesis is mediated by the action of phosphatidylserine
decarboxylase (PSD) (36). A mitochondrial PSD enzyme has been isaldtedaaactazed
from tomato (80). Howevehlamydomonakas been reported to lack PS as a component of
its membranes (22) and also does not possess genes encoding for phosphatidylserine synthase
and phospholipid base exchange enzymes (36). This suggests thatsifthasis is the
function of a single pathway consisting of serine decarboxylase, which is -desefibed
enzyme in plants (81). Serine gets decarboxylated by the action of serine decarboxylase to
produce ethanolamine which gets phosphorylated usingh@#maine kinase to produce
phosphoethanolamine. The presence of putative serine decarboxylase and ethanolamine
kinase is predicted to be found @hlamydomonasy genome annotation (21). The
phosphoethanolamine gets activated with cytidin@iphosphate(CTP) to form CDP
ethanolamine using phosphoetanolamine:CTP cytidylytransferase and the transfer of the
phosphoethanolamine moiety to DAG is done by the action of-&bB&holamine:DAG
ethanolamine phosphotransferase resulting in biosynthesis of PECHIaenydomonas

enzymes encoding for phosphoetanolamine:CTP cytidylytransferase and- CDP
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ethanolamine:DAG ethanolamine phosphotransferase has been biochemically characterized

in E.coli (23, 76) and listed in Table 1.3.

Phosphatidylinositol synthesis

Phosphatiglinositol (PI) and its phosphorylated forms play important roles in signal
transduction processes and membrane anchoring of proteins in plants (82). In
Chlamydomonas reinhardtithe mechanism of Pl formation has been investigated in cell
extracts (83) amh provided evidence for the presence of GEDA&RG:myo-inositol 3
phophotidyltransferase and a mangardsgendent phosphatidylinositol:myansitol
exchange reaction in the microsomal fraction but not in the plastid. Genes encoding proteins

proposed to be wolved in Pl biosynthesis i@hlamydomonaare listed in Table 1.3.

Monogalactodiacylglycerol, Digalactosyldiacylglycerol and Sulfoquinovosyldiacylglycerol

synthesis

Monogalactosyldiacylglycerol (MGDG) is one of the most abundant membrang lipid
which canstitutes about 50% of the polar lipids of the thylakoid membrane in most organisms
involving oxygenic photosynthesis (19). The enzyme responsible for MGDG synthesis in
plants is MGDG synthaséMGDGJ), characterized as a component of the chloroplast inner
envelope membrane protein from spinach leaves (84, 85). MGDG synthase is a member of
the glycosyltransferase superfamily which catalyzes the condensation of &ridine

diphosphategalactose (UDRj a | ) and DAG -galactospglic intage (86, &). b
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Arabidopsisand other plant genomes contain two paralogudd@bDG1 (denoted ad1GD2
andMGD3), and in addition there is a galactosyltransferase involved in the biosynthesis of
oligogalactolipids (88). HoweverChlamydomonaggenome encodes homologue of only
MGDG1gene (Table 1.3) and hence galactolipid biosynthesis pathway is expected to be less
complex in algaeln Arabidopsis phosphate deprivation has been shown toegplate the
expression oMGD2 andMGD3, concomitant with a loss of PC and accumulatdbbGDG

in extraplastidic membranes (19). This phenomenon is found to be an adaptation to
phosphate limitation in higher plants, where the nonphosphorous lipid is substituting for a
phospholipid, thus allowing reallocation of the limiting nutrient into enasritical
components such as nucleic acids. Given thllamydomonasloes not have a need to
replace PC with DGDG due to the presence of DGTS, the phosphate inducible pathway of
DGDG biosynthesis might have been lost during evolution or it may simply énabheed

only in flowering plants (21).

Digalactosyldiacylglycerol is the second most abundant lipid in the plastid which is
derived from MGDG by addition ad second galactose moiety. DGDG is a bilayer forming
lipid whereas MGDG is a nebilayer forminglipid, and the bilayer to nehilayer ratio is
under tight control to maintain the structure and function of biological membranes (89).
MGDG and DGDG are the predominant HAaitayer and bilayer forming lipids in
photosynthetic membranes respectively aadde the enzymes involved in therf@tion of

those galactolipids aexpected to be under tight regulation in determining the stability of the
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thylakoid membrane bilayer. In cyanobacteria, DGDG plays an important role in maintaining
the structure and fution of photosystem Il by binding with extrinsic proteins required for
stabilization of the oxygenvolving complex (90). A forward genetic screen helped to isolate
the Arabidopsismutants defective in DGDG production and the genetic mapping of the
mutantlocus facilitated the identification of the DGDG synthase encoding deG®1)

(91). Biochemical characterization éfrabidopsisDGD1 protein was confirmed ig&.coli

and the DGDL1 protein is characterized by a galactosyltransferase motif irtatsni@al
domain implying that it uses UD&al as a substrate directly as demonstrated for the DGD1
paralog DGD2 (92). In th€hlamydomonagienome, only one DGDG synthase gene has
been identified PGD1) (Table 1.3) as opposed to two DGD1 isoform encoding genes in the
Arabidopsis genome. Howeverbiochemical analysis of the encoded protein DGD1 is
required to confirm its role in galactolipid synthesisGhlamydomonasSimilar toMGD2
andMGD3 gene phosphate starvation response, DGD2 was also found tereégulgted m

its expression. This correlates with the increased DGDG synthesis under phosphate starvation

response as described in (19).

Sulfoquinovosyldiacylglycerol (SQDG) is a component of the thylakoid membrane
and one of the most abundant sulfonate compountteibiosphere (93). Genes involved
sulfolipids biosynthesis havbeen identified in bacteria (94, 95), and orthologues were
subsequently identified in cyanobacteria (96), plants (97, 98CaAtaimydomonad9). Two

enzymes were found to catalyze thel¥&)biosynthesis in these organismsAlabidopsis

29



UDP-sulfoquinovose synthas&sQDJ) catalyzes the production dhe head group donor
UDP-sulfoquinovose from UD®lucose and sulfite (100, 101). In the second step, the
sulfoquinovosyl head group is tragsfed from UDPsulfoquinovose onto DAG by the action

of the enzymesQD2(98). Recombinant expression AfabidopsisSQD1 and SQD2 led to

the formation of SQDG biosynthesis E. coli and confirmed the requirement of these
proteins for SQDG biosynthesis (9&8oth SQD1 and SQD2 enzymes were found to be
localized in plastid ofArabidopsisand the corresponding orthologuesGhlamydomonas
genome are listed in Table 1.3. Studies have shown that importance of SQDG presence is
organismspecific, since mutants féetive in sulfolipids biosynthesis ifRhodobacter
sphaeroides Synechococciusand Arabidopsiswere photosynthetically active but did not
grow well under phosphate limited conditions (98, 102, 103), whereas a mutant of
SynechocystiBCC 6803 deficient isqgdB gene has a sulfolipid auxotrophic growth behavior
(104). Chlamydomonasutanthf-2 isolated during a genetic screen for a high fluorescence
was also shown to be defective in SQDG biosynthesis (105). In addition, the mutant
exhibited sensitivity towardthe herbicide 43,4-dichlorophenyh1,1-dimethyurea (DCMU),

a competitive inhibitor of the plastoquinone binding site of photosystem Il. Null mutant
(sqdip) defective in SQD1 gene Chiasnydorgongshads er t i o
growth defects undephosphate limited conditions in addition to DCMU sensitivity (37).
This suggest that SQDG is important for maintaining the stability of photosystem 1l in
ChlamydomonasSQDG is also found to be required for proper functioning of two of the

components athe photosynthetic electron transport chairChlamydomonagl06, 107).

30



Triacylglycerol synthesis

In algae, triacylglycerol (TAG) is synthesizede novo (acyFCoA dependent
conventional Kennedy pathway) using diacylglycerol acyltransferases (DGATS) in the ER or
by recycling of fatty acids fronthe membrane lipid pool (acyCoA independent pathway)
using phospholipid:diacylglycerol transferase (PDAT) ie flastid and/or ER (33). The
identity of the fatty acids helps determine their origin and the mechanism of TAG synthesis
under certain conditions in algae. There are two types of lipid bodies found in
Chlamydomonasextraplastidic ones that are analogotes those found in seed plants
associated with both the ER and outer membran¢h@fchloroplast envelope, and the
plastidic ones that may accumulate to noticeable levels only in starchless mutants of
Chlamydomona$108). A de novosynthesis of TAG is alsobserved in chloroplast in the
starchless mutants @hlamydomonasind the lipid analysis confirmed that the positional
distribution of TAG isolated from the nitrogestarved starchless mutants was similar to that
of TAG from the parental strain maintatchander the same conditions. This suggests that the
inactivation of starch biosynthesis in the starchless mutant did not result in a modification of
the TAG biosynthetic pathway in this organism and confirmedd@atovasynthesis of TAG
can also take pta inthe plastid in green algae (109). Dunaliella bardawi| in addition to
the cytosolic lipid bodies, the formation and accumulation of lipid bodies under excess
irradiation was also found to occur in the intigylakoid space of the chloroplast ane a

referred to as plastoglobuli (29). A detailed metabolite profiling and flux analyses are needed
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to understand the route of carbon flow and this might be useful for engineering plastidic vs

extraplastidic TAG accumulation in algae.

De novoTAG synthess involves the sequential acylation ofsrand sr2 positions
of GLYC3P with acylCoA to yield PA. PA is hydrolyzed to form diacylglycerol (DAG) by
the action of phosphatase. The transcript leveRBAR®1andPAP2increased under nitrogen
deprivation inChlamydomongsexplaining its role in generating DAG as a substrate for TAG
synthesis from PA under stress conditions (34). The cytosolic diacylglycerol acyltransferases
(DGATO6s) wi | 43 poaitory df RAGdo yielth BAG.sThis pathways overlapshwit
the synthesis of membrane glycerolipids because PA and DAG are also precursors for the
major membrane lipids. There are atleast six genes encoding DGATBlamydomonas
one DGAT type 1PGATI and five DGAT type 2DGTT1throughDGTTYH (Table 1.3).
Currently, the only algal DGTTs that haw®en characterized biochemically are two from
tauri (110) and five fromChlamydomonas reinhardt(B2, 34, 111). RNASeq is used as a
tool for discovering genes and regulators for TAG production in algae undetti@osnd
where cells are stressed to the point of growth inhibition but accumulate TAGs. Analysis of
transcriptomic data a€hlamydomonas reinhardijrown in the presence of acetate, revealed
that four DGAT2 isoforms were expressed, of which only DGTT1 feasd to be up
regulated under nitrogen deficient conditions (34). However, thedrgh abundance of
DGTT1 waslow and it could not be detected by northern blot even under low nitrogen

conditions. In contrast, the other three isoforms (DGTT2, DGTT3dsdT4) were found
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to be expressed at high levels under both nitrogen replete and deplete conditions (34). In
another study wher€hlamydomonas reinhardtivas grown ag photoautotroph, substantial
up-regulation of DGTT1 was found in cells under nitrogarvation, but at the same time

also found upegulation of DGTT3 and DGTT4vas observed(112). Only DGTT1
transcripts ofChlamydomonasncreased in common under each of the nutrient limitation
conditions {S, -P, -Zn and low Fe), although not to the saexent as during N starvation

(32) and the increased transcript level under each condition correlated with the increased
TAG. RNAI silencing of DGTT1 and DGTT5 in Chlamydomonas reinhardticaused a
decrease in lipid content of 1624% and 28%37% respectiely whereas the effects of
silencing ofDGTT2and DGTT3 had no detectable change in the lipid content (113). This
suggested that botlbGTT1 and DGTT5 genes are critical for TAG biosynthesis in
Chlamydomonas reinhardtiHence targeted ov@xpression oDGTT1andDGTT5genes in
Chlamydomonas reinhardtivas performed and there was a significant increase in TAG
content in the cells (113). Ovexpression of DGATs (DGTT) ithe diatomPhaeodactylum

tricornutumalso increased TAG levels by 35% (66).

An dtermative method of TAGynthesigs the transfer ohnacyl group fronthesn2
position of a membrane lipid to the-8rposition of a DAG moiety using PDAT (33). PDAT
was identified and characterized as an &yR independent transacylase enzyme. The
Chlamydomonagenome encodes PDAT, orthologoutabidopsisPDAT1, indicating that

de novo acylation as well d@ise transacylation pathways occur in algae (Table 3). In yeast,
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LrolP orthologous to PDAT inChlamydomonasuses PCas a substrate whereas
Chlamydomonagioes not make this lipid and hence biochemical studies using feeding
experiments are needed to understand the PDAT1 substrate spedizhy.1 transcript
shows a small but reproducible increase in abundance under N starvaidanmydomonas,
although the increase in expression of mMRNA plateaus by 2 hours (32). DGiK&], the
increase in transcript abundance RIDAT1 was detected only under N starvation but not
under other nutrient deprivation conditions @hlamydomongssuggests that fattacid
recycling from membrane lipids into TAG is more relevant in a subset of stress conditions or
that PDAT activity can also be controlled by post transcriptional regulation in other stress
conditions (32). Insertional mutantgdatl-1 and pdatl-2 accunulated 25% les§AG in
comparison to the parental strain CC44250hlamydomongswhich demonstrates the
relevance of the trarscylation pathway in algae (32). The biochemical activitieBGTT1

and PDAT1 of Chlamydomonasvere tested in a heterologousage expression system by
complementingSaccharomyceserevisiaemutant carrying a quadruple deletion in four
acyltransferases (encoded DAL LROL ARE] ARE2 with codon optimized versicrof
Chlamydomonas DGTTAndPDAT1 As a result of complementatiothe strain restored its
TAG synthesis ability (32). This suggests that botBTT1and PDAT1 contributeto TAG
accumulation in Chlamydomonas Although, in vivo feeding experiments and more
biochemical characterization of the putative DGAT and PDAT gereeseeded to know the

catalytic activities and substrate specificities of encoded enzyme in green algae.
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In Arabidopsis seeds, DGAT1 and PDAT1 are together responsible for TAG
accumulation. Null mutants algatlin Arabidopsishad ~2640% decreased TAG ctamt in
seeds and RNAI silencing 6fDAT1in dgat}1 mutant background dDGAT1in pdatl1
mutant background respectively resulted in 70 to 80% decreased seed oil content and had
disruptions in embryo development (114). Tdgatl pdatldoublemutants are ot viable,
while mutants with low TAG content or blocked in TAG utilization are viable or can be
rescued by germination on sucrose, sugdkat there are additional activities of the
corresponding enzymes and/or TAG has a role beyond provision of energy and carbon
skeletons (115). Similar to Chlamydomonasabidopsis thalianaseedlings TAG content
increased significantly under N station which correlated witla concomitant induction of
DGAT1 (114). In Arabidopsis ABSCISIC ACID INSENSTIVE (ABI4) mutants had
decreased TAG accumulation and DGAT1 expressimdnch suggests that abscisic acid
signaling is part of the TAG accumulation mechani§115). In addition, loss othe
WRINKLED1 (WRI1) transcription factor mutant impacts seed oil conteAtrabidopsisby
compromising glycolysis and thus embryos cannot efficiently convert sucrose into precursors

for TAG biosynthesis (116).

Similar tothe WRI1 regulator inArabidopsis,a complete search of the differentially
expressed mMRNAs encoding for proteins with DNA binding domains was done in
Chlamydomonasinder TAG accumulating conditions to identify the potential regulators

(32). A transcript nitngen response regulator NRRJ was of particular interest, because of
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the magnitude of its regulation and-egpression with th&©GTT1 mRNA. The NRRL1is
predicted with a SQUAMOSA PROMOTER BINDING DOMAIN (SBP) at itst&minus

and this domain is consex/én algae and plants (32). In addition, the increase in abundance
of NRR1transcript is specific only for the N starvation respons€htamydomonabut not

for other TAG accumulating conditions (32). Thel loss of function mutant resulted in
50% redution of the TAG accumulation ability i€hlamydomonag32), suggesting that it

has a significant role ithe TAG synthesis mechanism in algae.

Membrane lipids provide carbon skeletonsdernovoTAG synthesis, although these
pathways are not adequatelgsdribed yet in higher plants, but likely require lipases and
esterases. Previous studies have provided evidence for fatty acid recycling and this is
consistent with increased expression of lipases -staved cells inChlamydomonag34,

109, 117). Amond 30 putative lipase encoding genes, 27% increased and 8.5% decreased in
transcript levels by -2old or more following the N starvation i€hlamydomonag34).
Presumably the expression level of genes encoding lipases involved in TAG degradation
should decrase, while the membrane lipid lipase encoding genes may -begujated in

order to allow the conversion of membrane lipids to precursors for TAG synthesis or
remodeling of the photosynthetic membrane in response to nutrient stress. Disruphien of
galadoglycerolipid lipaseencoding geneRGD1Y) in Chlamydomonasresulted in reduced

TAG content, altered TAG composition and reduced galactoglycerolipid turnover under N

deprivation (118). In addition the mutants also shoaeklorotic phenotype after 5 todays
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of N starvation (118). Recombinant expression of the PGD1 protdin @oli hydrolyzed
MGDG into its lyselipid derivative thus confirming galactolipid as its substrate specificity.
In vivo pulse chase labeling experiments identified galactoglyipaisl pools as a major
source of fatty acids esterified in TAGs following N deprivation (118)the diatom
Thalassiosira pseudonantargeted knockdown of a lipid catabolism related multifunctional
lipase/phospholipase/acyltransferase enzyme resultednareased lipid yield without
compromising cell division (119). IDunaliella, fatty acids that are normally enriched i
galactolipids that constitutthe thylakoid membrane were found in TAGs under nitrogen
starved conditions, suggesting the movemeriatty acids from membrane lipids to storage
lipids (120). This suggests thatmdeling of membranes under stress conditions contributes

precursors for TAG synthesis in algae.

The lipases/esterases will hydrolyze the stored TAGs or phospholipids iattafie
acids. The rel eased foxidgagon pathway and gets codvertednintd | e n
acetytCoA in the mitochondria, which eventually enters the TCA cycle for generation-of co
enzymes NADH and FAB,. Those ceenzymes are subsequently dise the electron
transport chain to produce ATP, the energy currency of the cell. Blocking the fatty acid
catabolism might also lead to increased TAG accumulation under stress conditions in algae.
In Chlamydomonas)jo appreciablehanges in transcriptsrfgenes encoding components of
the mitochondrial respiratory pathway weraed following N starvation (34). The candidate

genes f or t hoxidapoa showed anmverll dedbease in their transcript levels
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following N deprivation, with acyCoA oxdase AOX) and 3oxoacytCoA thiolase ATOJ)
transcript abundance decreasing greater thend3(34). The only exception was an enoyl
CoA oxidase/isomerase candidate gab€H 1), which showed increased transcript levels of
greater than -2old. An apparent downegulation of fatty acid oxidation correlates with the

accumulation of TAGs under N starvation conditions (34).

Wild-type Chlamydomonagrown in the presence of acetadecumulates oil only
when the carbon supply exceeded the capacity of starch synthesis (121). Whereas in
starchless mutants BAFJ5, defectivetlie small subunit of a starch synthesizing enzyme
ADP-glucose pyrophosphorylase (122), had significant increaséd accumulation because
the photosynthate was directly channeled towards oil accumulation. This suggests that carbon
availability is a key factor controlling oil biosynthesis and carbon partitioning between starch
and oil in heterotrophically grown csllof Chlamydomonaq121). Hence engineering

starchless mutants might contribute to increased oil accumulation in algae.

Finally, formation of oil bodiesind site of TAG accumulation deperah structural
proteins called oleosins and-tggulation of OLEOS\I1 in co-ordination withDGAT1was
observed in nitrogedeficiency seedlings ofrabidopsis(114). Hence proteomic studies
might help in identification of novel proteins involved in synthesis and degradation of neutral
lipids. Especially the lipases, estees and hydrolases found in the lipid body proteome are
excellent candidates for future functional analysis (117). Two proteomic studies of

Chlamydomonadipid droplets have been useful in confirming the expression of several
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enzymes in lipid metabolismnd also for identifying new algapecific proteins like the
major lipid droplet protein (MLDP), a proposed functional equivalent of plant oleosins (117,
123). RNAI silencing oMLDP resulted in increased lipid droplet size but does not have any
influence on affecting the TAG content or composition @hlamydomonag123). It is
proposed that MLDP helps in preventing lipid droplet fusion, thereby increasing the

accessibility of enzymes metabolizing TAGs.

Only substantial information regarding TAG biosynikes algae is currently
availableand there are still more to explore. Therefore a more detailed examination of the
TAG synthesis pathway dhe molecular and cellular level in algae is required for biofuel
production. This study will contributéo a beter understanding of TAG accumulation
mechanisrain the marine microalgdDunaliella which will be an enormous resource for the

biofuel research community thefuture.

The algaDunaliella

Unicellular green algae of the genDsinaliella were studied sire the early 19
century due to theipot ent i al t -warotane d124hulh addigon $trains of
Dunaliella salina and Dunaliella tertiolectawere widely usedas model organism$or
understanding osmoregulation and photosynthesis under extreme gomwttions (125).

Dunaliella is originally grouped in the class of Chlorophyceae, the order of

Volvocales, and the family d?olyblepharidacag126). According to the National Center of
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Biotechnology Information of the National Institute of HealBlunalella belong to the class

of Chlorophyceae, the order Chlamydomonadales, and into the famiDymdliellaceae
Currently, the order and the family to whiBlunaliella belongsareunder debate. The genus
Dunaliella is comprisedof 28 recognized species whi are separated under 2 subgenera:
Pascheria and Dunaliella (126). Dunaliella species are mostly radially symmetrical,
sometimes bilaterally symmetrical, flattened, dorsoventrally curved or slightly asymmetrical.
The cell shape varies from ellipsoidal,oad, cylindrical, and pyriform to almost spherical.
Figure 1.5 shows a representative celDafnaliella viridis under brightfield (A) and cells

stained using Nile refbr detection oheutral lipid bodiesinder fluorescenc@).
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Figure 1.5 Micrograph of Dunaliella viridis cells grown in 1M NaCl growth media under brightfield (A)

and neutral lipids accumulated in cell stained with Nle red under fluorescence (B)Both flagella originate

at the anterior end of the cell and the posterior region of the cell is occupied mostly by chloroplast. The cells do
not have cell wall and the glycocalyx surrounding the cell is seen as a white ring around the cell. The scale bar
represents 10 um arttie objective used was 40X JAThe green globules represeahe neutral lipid bodies

stained with nile red and imaged usmgeiss LSM 710 confocal microscope (488 nm argon laser) (B).
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Dunaliella cells lack a rigid cell wall made up of cellulose, a feature differentiating
them from other unicellular green algae suclchlamydomonasHowever,Dunaliella cells
do have an outer cell coat made up of ~ 150 kDa glycoproteins as described in (127). The
vegetative cells dDunaliella consistof two flagella originating from the anterior end and the
posterior region is occupied mainly hysinglechloroplast with one central pyrenoid (Figure
1.5A) surrounded by the storage product starch. Pyrenoids areeluwlar micre
compartments found in chloroplasts of algae (128) and are associated with the carbon
concentrating mechanism. The main functiortha pyrenoid is to act as center for carbon
dioxide fixation by generating and maintainiagarbon dioxide gh environment around the
photosynthetic enzyme ribulode5-bisphosphate carboxylase/oxygenase (Rubisco)rdlae
of pyrenoids in algae ianalogous to carboxysomes in cyanobacteria. Immunoflienesc
studies confimed the localization of rubisco in @moids ofDunaliella tertiolectaButcher
(129). Other typicabrganelles includanterior eye spotgnanterior nucleus with nucleolus,
golgi bodies and vacuoles. The size and shape of the cell varies based on the varying
environmental conditions and raeggbetween 2 to 28 pum in length and 1 to 15 pm in width
(126). Many species dbunaliella are widely distributed in brackish or marine waters, salt
lakes and salterns across the world (128)rogen and phosphate2comes major limiting
nutrients for theDunaliella species present in hypersaline environeéh80). In addition to
the survival ofDunaliella species among salt crystals, it is also tolerant to different light
intensities, pH and temperatur@$e vast genetic diversity among the specieBufaliella

might contribute to its tolerance under wide range of environmental conditions (130).
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The cells ofDunaliella species were observed to undergo asexual reproduction under
low salinities, nitrogen depletion, cool temperatured simorter day lengthy forming sub
spherical, thick walled cysts referred tosgdanospores which later divideto two daughter
cells (131). Isogamic sexual reproduction Barnaliella salinawas observed and described
(132, 133). When cells oDunaliella species underg@hanges in growth conditions,
induction of gametogenesis occurs pradgdsogametes which later fuse form a zygote
(132134). The zygote later undergoes meiosis during germination to produce up to 16
daughter cellsConditions contributing to the sexuegll cycle inDunaliella species have
been so far observed at reduced salinities under constant illuminatieh3482

Dunaliella have many significant characteristics that make them well suited for
biodiesel production. FirstlyDunaliella are a marire algae and henado not need much
fresh water resourcemdat the same timthey arenot geteasilycontaminated if growin
open ponds for large scale cultivation (126). Successful mass culiDumalella salinahas
been i n pr ac tcaraenoidgilodueiand24).fSecondBmnaliella cells lack
cell wall (127), and hence it is easy to extract lipids by osmotic lysis using little fresh water
and as a result less energy will be spent on extraction ggesé addition, the lack o
cellulosic cell wall will certainly save some energy and carbon which the cells could divert
for cell growth and lipid synthesis in turn. Thirdly, unlike other oil crops, it does not compete
with arable land or require friesvater resources and hertbe food versus fuel problem can
be resolved usinfunaliella as a feedstock for biofuel. Lastlgertainspecies oDunaliella

do have 2630% oftheir dry cell weight (DCW) as lipids (2), and studies have shown that
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there is agreater potential to accumulate even more oil under inductiddumaliella by

varying the growth conditions (8, 11) and it also has shorter doubling time of ~24 hours
which is advantageous to produce more biomass. The mitochondrial genome sequence of
Dundiella salina CCAP 19/18 was completed and found to be 28,331 base pairs predicted
with 21 genes and 19 proteins. The sequence information could be accessed from Genbank
using accession id GQ250045 (135). The nuclear genome duhaliella salinaCCAP

19/18 strain is currently being determined and the preliminary information can be accessed
via this link (www.ncbi.nlm.nih.gov/genomeprj The two major hurdles that need be
addressed before usirQunaliella for biofuel production are as followsirgtly, genetic
crosses could not be performed on a routine basis in order to determine linkage of mutations
and/or to map mutations within the genome anecsndly, a stable transformation system

does noyet exst for Dunaliella.

There havebeen several studies to understand lipid production and composition in
Dunaliella. It appears thatdifferent growth conditions havelifferent effects on oil
accumulation inDunaliella and different species oDunaliella respnd differently to the
same oil inducing growth condition. The lipid contenDianaliella salinacontributed about
50% ofits biomass, with nompolar lipids being the principal ones and consisting of about
30% hydrocarbons (136). The effect of increasmgdium salinity on lipid content in
Dunaliella cells are ambiguous possibly reflecting unique characteristics of specific strains
tested, with two studies reporting the decreases in lipid content (137, 138) and two other

showing the opposite (8, 139T.he effect of increasing salt concentration from 0.5 M to 1M
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NaCl in growth media oDunaliella tertiolectaresulted in increasing intracellular lipid from
60% to 67% and TAG content from 40% to 56% respectively without compensating for cell
division (8). Itwas confirmed that the increase in lipid content was due to the increased salt
concentration but not due to the nitrate limitation in the growth media. Although, the cells
when treateavith 1.5M NaCl concentration in the media resulted in growth inhibioa to

the increased salt concentration. However, when 0.5 M or 1M of NaCl was added to the cells
during midlog phase or the end of lgghase during cultivation with initial NacCl
concentration of 1M resulted in further increase in intracellular lipidtecan(~70%),
suggesting that the culture cultivation stage also pdaysnportant role in inducing lipid
accumulation (8). Iunaliella saling the effect of increasintpe NaCl concentration from

2.5% to 20% (w/v), resulted in decreasing lipid contéoing 22.4 % to 13% of dry weight)

with increasing salinity (137).

Nitrogen limitation appears to have the opposite effects in contributing to lipid
accumulation inDunaliella compared to other microalga€he lipid content inDunaliella
tertiolecta immediately after transferring to nitrogéree media was 9.6 mg/L which
increased t@3.2 mg/L on day AvhereasChlamydomonas applantead significant increase
in lipid content and had about 13.3 mg/L on day 0 and 92.8 mg/L on day 7 (140). In another
study, nitrogen limitation resulted in drop in lipid content from 25% to 9% in cells of
Dunaliella salinaand from 23% to 14% in cells @funaliella primolectarespectively (138).
However, the cells under nitrogen limitation had accumulated carbohydrates ttadim

lipids suggestig that the mechanismof nitrogen starvation is not thbeest trigger for
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increasing oil accumulation iDunaliella (138) In contrast deprivation of nitrogen or iron
or cobalt is shown to trigger rapid TAG accumulation in cellBufhaliella tertiolecta(11).

Other factors that might be important in triggering oil accumulatiddunaliella are
the CQ concentration or light intensity. It has been shown that nitrogen limitation under
atmospheric C@supply did not have influence oncreasing the total lipid content per cell
in Dunaliella viridis, whereas nitrogen limitation under 1% &£@sulted in increasing the
TAG content from 1% to 22% of total lipids in the cells (27). The lipid content and
productivity in nitrogerreplete (20 V) and nitrogerdeplete batch cultures (2mM) of
Dunaliella salina under low light (200 pmol/fsec) and high light intensity (800
pmol/m?.sec) was measureand the results indicated that thedipleteand Nreplete
cultures contributed td4% and 38% of mass lipid content respectivgl¥41). However,
the total lipid content per liter culture was about three times higher in-tiepldte cultures
since Ndeficiency greatly slowed dm biomass growth and suggestdtht nitrogen
limitation does not increaséhe lipid productivity in Dunaliella (141). The dfect of
increasing C@ concentrations from 2% to 10% in growing culturesDaialiella saling
resulted in an increase in total lipid fatty acid content on dry weight basis from 27.5 mg/g to
37mg/g (~30%)after one day and from 49 mg/g to 133 mg/g (~170%) after 7 days (28).
Increase in light intensity from 35 pmolfmec to 1500 pmol/frsec resulted in decrease in
total lipids per cell oDunaliella viridis from 1.81 pg to 0.77 pg while increasing the TAG
content from 0.6 pg to 3.1 pg respectively (27). There was no significant change in the lipid

content ofDunaliella salinacells when the light intensity increased from 200 pmaket to
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800 pmol/nf.sec in either nitrogen sufficient or nitrogen deficiemtures (141).

In our study, we screened several specieBurfaliella maintained in our lab and
isolated an oleaginous strain@@inaliella viridis which accumulated more oil by varying the
photoperiod and temperature related growth conditions. A detailed transcriptomic and
metabolic approach was undertaken to investigate the mechanism and key regulators of oll

accumulation in this marine microalgaéieh will be discussed in Chapter 2 in detail.

Development of transformation systems in algae

Despite the significant benefits of using algae as a source of renewable energy, the
high cost of producing biofuel usinthe oil extracted from them hasrevernied the
widespread success of this technology abmmercial level. Increasing the amount of oil
produced per cell or expression of value addegroducts along with oil will be an efficient
method to offset the costs associated in using oil from algasddition, strategies such as
generating starchless or lestarch mutants of algal strain or engineering strain for either
overexpression of enzymes in fatty acid or TAG synthesis or knocking out the TAG
degrading enzymes or improving photosyntheticcifiicy can be addressed to improve oil
accumulation. In order to achieve any of those strategies a reliable and stable genetic
transformation system has to be established.

Genetic engineering of microalgae is currently in its infancy because relialidamuc
transformation systems, such as those used in plants are only aviaitatxdene species of

microalgae (142). Nuclear transformation has proven successful in only a few species,
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including the model green alg&hlamydomonas reinhardt{il43), the oleginous diatom
Phaeodactylum tricornutun{144), and theNannochloropsissp. (145) and the stable
chloroplast transformation is establishedGhlamydomonas reinhardt{il46) and the red

alga Porphyridium UTEX 637 (147). The transformation methods in useluohe
bombardment of algal cells with DNéoated particles, agitation of algae with glass beads or
silicate whiskers in the presence of DNA or electroporation or in rare Agsebacterium
tumefaciensmediated nuclear transformation (148). Particle bomberd technique has

good success especially with the plastid transformation in algae. However, the molecular tool
boxes necessary for transformation of these species are very distinct (149), and therefore
additional research is needed to develop propemigabs for transforming other algal
species. Table 1.4 lists the eukaryotic microalgae which have been investigated with gene
transformation (4) and Table 1.5 represents the previous attempts of successful genetic
manipulation of genes involved in TAG byghesis in microalgae (68\hich is an

important focus of this study.
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Table 14. Eukaryotic microalgae which have been transforrad (4).

Phylum Species

Chlorophyta

Chlorella ellipsoidea
Chilorella ellipsoidea
Chlorella kessleri
Chlorella vulgaris
Chlorella sorokiniana

Chlorella  sorokiniana
vulgaris
Chlorella saccharophila

Chlamydomonas reinhardtii
Chlamydomonas reinhardtii

Chlamydomonas reinhardtii
Chlamydomonas reinhardtii

Chlamydomonas reinhardtii
Chlamydomonas reinhardtii
Chlamydomonas reinhardtii

Chlamydomonas reinhardtii

Chlamydomonas reinhardtii

Chlamydomonas reinhardtii

Chlamydomonas reinhardtii

Dunaliella viridis
Dunaliella salina
Dunaliella salina
Dunaliella salina
Haematococcus pluvialis
Nannochloropsis oculata
Ulva lactuca

Volvox carteri
Rhodophyta

Porphyra yezoensis

Gracilaria changii
Porphyra miniata
Porphyridium sp

Cyanidioschyzon merolae
Phaeophyta

Laminaria japonica
Laminaria japonica

Chlorella

Strain

CCAP211/1a
211-11h

C-2722521

C-211-la
(Nit1-305)
137¢ (mt)

Cw15 arg
Cwl5 argA mt

Cw-15
Nitl-305
CC-124, CG125

J3 (mi)

CC3395,CC425

CC425

Cw15302,Uuv4

HB11A

10D

F003, M0O07

Organelle

Nuclear
Protoplast
Nuclear
Nuclear
Nuclear
Nuclear

Protoplast
Nuclear
Chloroplast

Nuclear
Nuclear

Nuclear
Nuclear
Nuclear

Nuclear

Nuclear

Nuclear

Nuclear

Nuclear
Nuclear
Nuclear
Nuclear
Nuclear
Plasmid
Protoplast
Nuclear

Nuclear

Nuclear
Protoplast
Chloroplast

Nuclear

Sporophyte
Nuclear

Gene

NP-1
Luc

Gus
Hpt, gus
NR
HGH

Gus
NR

GFPct,
GFPncb
Crluc

Cgfp

Nit
Nit
UidA, gfp, hpt

COX90, PSY,
DCL1
ARG7

MAA7,
RBCS1I2
PHOT

DvNIAL
Ble

Gus, bar
Cat
LacZ
Ypgh
Gus 119
NitA

Gus, gfp,
RPB1,
GAPDH

LacZ

Gus

AHAS
(W492S)
URA5.3

Lacz

UidA, cat.
lacz

Reference

(150)
(151)
(152)
(153)
(154)
(155)

(156)
(157)
(158)

(159)
(160)

(143)
(161)
(162)

(163)

(164)

(165)

(166)

(167)
(168)
(169)
(170)
(171)
172)
173)
(174)

(175)

(176)
177)
(147)

(178)

(179)
(180)
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Table 1.4 Continued

Undaria pinnatifida

Bacillariophyceae

Phaeodactylum tricornutum

Phaeodactylum tricornutum Bohlin
Phaeodactylum tricornutum Bohlin CCMP632

Cyclotella cryptica Navicula T13L NAVIC1
saprophila
Phaeodactylum tricornutum Bohlin 646

Thalassiosira pseudonana CCMP1335

Cylindrotheca fusiformis
Phaeodactyluntricornutum

Phaeodactylum tricornutum
Euglenids

Euglena gracilis

Dinoflagellates

Amphidinium  sp.  Symbiodiniur
microadriaticum

Nuclear

Nuclear
Plastid
Nuclear

Nuclear

Chloroplast

Nuclear

Nuclear
Nuclear

Nuclear

Chloroplast

Nuclear

LacZ

Sh ble, cat
Gfp

Gus, dph1,
cpfl

Nptll

GtPGK,
PtFBAC1,
PtOEEL1,
PtFBAC,
PtHLIP2,PtF
BPC4, PtFSA
Fcp, ble, natl,
NR

CfNR

Nat, satl,
nptll uid, gfp
Glutl

AadA

Nptll, hpt, gus

(181)

(144)
(182)
(183)

(184)

(185)

(186)

(187)
(188)

(189)
(190)

(191)
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Table 1.5. Overexpression and heterologous expression of genes involved in TAG biosynthesis in
microalgae (68). *Enzymeabbreviations: ACCase, acef@bA carboxylase; AAE, acyACP esterase; DGAT,
di acylglycerol acyf¥l nagsaf e acgascEdERPDH, | geter8ppdsphate
dehydrogenase; GPAT, glycei®phosphate acyltransferase; LPAT, lysophosidia acid acyltransferase;
PAP, phosphatidic acid phosphatase.

Microalga Overexpression/ Observation References
Heterologous expression
Cyclotella cryptica ACCase No effect (58)
Navicula saprophila ACCase No effect (58)
Phaeodactylum AAE Changed fatty acid profile and twofol| (59)
tricornutum increase in cellular lipid conten
possibly due to decrease in growth ra
Chlamydomonas AAE Changed fatty acid profile (66)
reinhardtii
Phaeodactylum DGAT2 Increase in neutral lipid content of 359 (192)
tricornutum increase in EPA of 76.2%
Chlamydomonas DGAT2-1; DGAT2-5 Increase in neutral lipid content of 20{ (113)
reinhardtii and 44%, respectively, relative to wi
type
Chlamydomonas DGAT2-a,b,c No effect (113)
reinhardtii
Chlorella minutissima Yeastderived G3PDH,| Quintuple gene construct showed | (193)
GPAT, LPAT, PAP,| twofold increase in TAG content
DGAT
Phaeodactylum @5 EIl o; @6 E Changed fatty acid profile with al (194)
tricornutum eightfold increase in DHA, DHA
accumulation in TAG fraction

Apart from the transformation trials entioned in Table 1.4, there is eviderfoe
successful genetic manipulation of algae using RNA interference (RNAI) technology. RNAI
is a biological process in which douldganded RNA molecules inhibit gemspression
typically by causing the destruction of specific mMRNA molecules and it is a mode of post
transcriptional gene silencing. RNAI silencing amajor lipid droplet protein (MLDP) in
Chlamydomonasesulted in increased lipid droplet size but doeshave any influence on
the TAG content or composition (123). It is proposed that MLDP helps in preventing lipid
droplet fusion, thereby increasing the accessibility of enzymes metabolizing TAGs. In
another study, RNAi knoekown of three light harvestingpmplex proteins (LHCMB1, 2

and 3) inChlamydomonasesulted ina mutant exhibiting a light green phenotype, reduced
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expression levels otHCBM1 (~20.6%), LHCBM2 (~81.2%) andLHCBM3 (~41.4%)
compared to 100% control levels and had improved light to Iggdroand biomass
conversion efficiencies (195). Successful silencing GlESreporter gene in transgenic lines

of diatom Phaeodactylum tricornuturand silencing of endogenous phytochorrdéi1)

and cryptochromeGPF1) genes in the same diatom hdeen shan (183). RNAI is a great
reverse genetics tool for understanding the function of genes, however, RNAI mechanisms

and their applications remains largely uncharacterized in most algae.

Recently thetargeted genommodification tool, CRISPRCas wa successfully used
in bacteria (196.98), human cells (199), mice (200) and plants (201, 202). CRISPR
(Clustered regularly interspaced short palindromic repeats)/Cas (CRi&®Riated) type Il
prokaryotic adaptive immune system has emerged as a prec@magediting strategy with
minor off-target effects detected (203). The system is based on the cas9 nuclease and an
engineered single guide RNA (sgRNA) which guides cas9 to recognizeesve ¢he target
DNA. Attempts forgenome modification using CRISRBas has not been studied yet in
algae andhe useof this technology to create algal transgenic lines with improved strain
characteristics should be foreseen due to the benefits of targeted gene editing or replacement.
We have designed an experiment to @RRISPRCas system for targeted mutagenesis of

nitrate reductase geneunaleilla viridiswhich will be discussed in detail in chapter 4.

In order to develop the molecular tool box for genetic manipulation of microalgae, the

following parameters are ofrimary importance for consideration. Firstly, the selection
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marker (antibiotic resistance or reporter gene) must be correctly chosen. Especially if it is
based on antibiotic selection, then the amount of antibiotic needed to kill all the wild type
cells mwst be optimized and also the growth conditions in which the antibiotic works best
must be analyzed by obtaining a death curve measurements. Other parameters include, the
choice of regulatory elements to be used for transgene expression, the amounttofoeells
used for transformation, type of plasmid in which the gene of interest is cloned, the amount
of plasmid DNA containing the gene of interest to be used, the type of plasmid DNA used
(linear or circular), the method of transformation, random integratbr homologous
recombination of transgene into host genome, transformation efficiency, stable or transient
transgene expressiachieved. Post transformatigparameterso be evaluated includie
transgene expression, copy number of transgene, posifiect due to transgene insertion,
phenotype of transformed cells, antibiotic marker removal techniques used, antibiotic
selection pressure used for maintaining transformants. Finally, if the transgene integration is
episomal, assessing the number of gatens the transgene could be maintained in the host

with and without selection pressure is important.

Genetics and molecular tool kits forDunaliella

Choice of species

Researchers have been working frahe mid-1990s to establish transformation

systems inDunaliella. In contrast to many algae species that have thick and resistant cell
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walls, halotoleranDunaliella species are covered by glycocalyx proteins (1% donot
have cellulose and therefore thearally cells of Dunaliella are easy objects for delivery of
DNA in transformation experiments. Attempts to establish transformatioDumaliella
saling Dunaliella tertiolecta and Dunaliella viridis has beenmade so far. Due to the
different morphologis (cell size) and physiologies (optimal salinities for growth and
adaptation to wide range of habitats) associated with the specizsnafiella, conditions
established for successful transformation in one species withew#ssarilypbe appropriate
for others. Genetic diversity among the strain/speciesDohaliella is of primary

consideration towards developing the molecular tool box for transformation.

Methods of delivery of DNA into cells

Three different methodshave been reported to be successful fouclear
transformation oDunaliella cells: glass beads (204, 205), electroporation (167, 170, 206)
and micreprojectile bombardment or biolistic (169, 207). There are no published reports

about the plastid or mitochondrial transformation systenmwimaliella.

Use of marker genes, plasmid DNA and regulatory elements

Three major types of marker genes (antibiotic resistance, herbicide resistance and
functional complementation) were used in attempts to transform cells of diffi2ueatiella
species. A numbeof different antibiotics were tested for use in transformation systems of

Dunaliella and found that the cells were resistant to most of the antibiotics such as
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paromomycin, kanamycin, hygromycin B, geneticin, streptomycin, specttiomgnd
chlorsulfuronbut notzeocin and chloramphenicol (148, 169, 170, 208). The resistance of
Dunaliella cells to higher concentration of antibiotics tested is mainly due to the presence of
high salt in the growth media. Successful transient expression of antibiotic m@sistan
encoding gene bleomycirble) has been shown in cells @funaliella salina (168) and
Dunaliella tertiolecta (206) andan antibiotic resistance encoding gene chloramphenicol
acetyltransferasecét) has been shown in cells Bunaliella salina(170) respetively. The
transient expression of herbicide tolerance encoding gene phosphoinothricin acetyltransferase
(bar) has been shown Dunaliella salina(169). 60 pug/mL of chloramphenicol and 10 mg/L

of zeocin were found to be optimal for inhibiting growthwald type cells in liquid cultures

of Dunaliella salinarespectively (168, 170) and 20 pug/mL of herbicide basta is required to
inhibit the growth ofDunaliella salina( 1 6 9 ) .-gluduio@dase (GUS) reporter gene
system is commonly used for demonstrating transient expression of foreign gene in cells

of Dunaliella (169, 170). In contrast theGUS sy st e m, the | acZ repo
galactosidase) and tHeGFP systemusing a fluorescent protein wermt an appropriate
reporter systems fddunaliela (169, 209). Mutants deficient in endogenous nitrate reductase
(NIA1) gene were generated using chemical mutagenediumaliella viridis (167). The
deficient mutants were unable to assimilate nitrate but were selected based on their tolerance
to chlorde and the functional complementation of the plasmid pDVNR carrying the native
NIAl gene by electroporation intBunaliella viridis was successful (167). Phenotypes

assimilating nitrate were obtained which indicated the successful functional complementation
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of the NIA1 gene. This mode of marker gene auxotrophic selection is widely used in model
green algaChlamydomona¢210) to introdice the transgene along with tNéA1 gene and
restore the loss of nitrate assimilation function. Although, reversitdreaiftrate assimilation
phenotype was observed unaliella viridis due to the episomal integration of the
complementedNIAl gene (18).

The plasmid pSP124S carrying tB#reptoalloteichus hindustanugene conferring
bleomycin (zeocin) antibiotic resistance for selection of transformants has been successfully
used in the model green al@hlamydomonas reinhardt{i211l) and in severaltwdies of
transformation irDunaliella (168, 204, 212). Other commonly used plasmid<fenaliella
transformation include, p35&ar which confers resistance to herbicide basta (169),

p Uq HB sCATg for conferring resistance to chloramphenicol (170) and pRVfgr

functional complementation of native nitrate reductds®&l gene ofDunaliella (167). Five

different promoters (CaMV35S, ubiquitin, ubiquHin, C a MubRbtiS and CaMV35S

ubiquitnrq) wer e tested to identi f ygeheherpressiorein whi c !
Dunaliella salinaandit wasfound that ubiquitin witithe tobacco mosaic virus translational

enhancer (ubiquithg ) promoter yi @lucdrentlase (66S) &clivigy(163).t b
Transient expression olie ble gene conferring antibtic resistance to zeocin was observed

in cells ofDunaliella tertiolectawhenble gene was driven under the control of endogenous

rubisco small subunitrlfcS) promoter and terminator regions (206). Endogenous promoter
glyceraldehyde8-phosphate dehydregase (GAPDH) was successfully used to dbee

gene and the Xerminal fragment of human canstatin (213). Western blot analysis confirmed
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~18 kda protein corresponding to human canstatin, thus promoting the use of GAPDH
promoter to express foreign prateiin Dunaliella (213). In another studythe actin gene
promoter was used successfully to drive the expressidmaiofiene inDunaliella salina
(207). A novel salt regulatieduplicated carbonic anhydrasepfomoter driving the GUS
expression in cells dbunaliella salinawas identified and the presenceadfighly repeatd

GT sequence in the promoter wdetermined to be involved in the saltlucible regulation

(214).

Transient versus stable transgene expression

In Dunaliella saling the GUS gene drivefby ubiquitinq was tested i n ¢
to four other different promoters for transient expression (170). After 48 hours of
transformation by electroporation, the cellsDafnaliella salinatransformed witithe GUS
gene driven byheubiquitinrq p r o nadasignificaht increase in GUS activigppmpared
to CaMV35S promoter and other promoters tested in the study (170). In the samehstudy,
ubiquitrq pr omot er has been used for the stable
gene (HBsAgQ) irDunalidla salinawhen transformed by electroporation (170). The plasmid
p Uq HB sCATis used for the stable expression of HBsAg transgene and the CAT gene
driven by theSimian virus40 promoter in the same plasmid was used as an antibiotic
selection marker (1705table integration of the HBsAg transgene thi@Dunaliella salina
genome was verified by PCR and southern blot for 60 generations when cells were

maintained devoid of chloramphenicol. In addition, the western blot analysis confirmed a 24
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kda protein orresponding to HBsAg protein (170). Transient expression of GUS after 48
hours of transformation has been observed in cellBuwfaliella salinawhen bombarded

with the CaMV35S promoteGUS construct (169) and when transformed using
electroporation withthe ubiquitin-q -GUS construct (170). Transient expression of marker
genes (antibiotic, herbicide or GUS) has been verified by PCR and southern blot analysis in

many other reports respectively (168, 169, 205, 206, 213, 214).

Transformation efficiency

In recant years various publications have reported shecessful transformation of
Dunaliella, although onlya few studies reported the efficiency of transformation (169, 170,
205). Approximately € colonies per 10 million cells @unaliella salinawere obtained on
agarose plates containing 10 pg/mL of zeocin antibiotic when electroporation was used as the
transformation method (168). Whehe promoter ubiquitinqg was usedGUSo dr i\
construct, the frequency of transformation reported was 0.@18 expressing cells per
total cells checked and the frequency of transformation was significantly lower when tested
with other promoters for driving GUS in the same study (170). When the plasmid
p Uq HB sCATg was transformed into cells dDunaliella salira by electroporation,
approximately 1650 colonies/million cells transformed were observed in plates containing
60 pg/mL chloramphenicol as antibiotic resistance respectively (170). Out of which 14
colonies tested positive for the presence of HBsAg gemgUPCR athe DNA level (170).

Whenthe GUS construct was expressed using the CaMV35S proraatethe DNA was
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introduced by particle bombardment into cells ddunaliella saling high frequency
transformation efficiency of 0.00012 GUS expressing cells tp&al cells checked was
observed at a rupture disc pressure of 450 psi and bombardment distance of 6 cm used (169).
Transformation efficiency of cells ddunaliella salinawas significatly higher when glass

beads wereised as the mode of transformatinrcomparison to electroporation and particle
bombardment as shown in (205). Glass beads yielded ~5.9% transformation rate and about
100 transformants per pug of DNA as reported in (205). However, all the reported
transformation efficiencies ddunaliella were found to be lower than that reportedthe

model green alg&€hlamydomonagl43).

Therefore, developing a molecular tool box Bunaliellais very important for any
commercial purposes such as expressing recombinant proteins, vaccines or for biofuel
production. Chapter 3 of this study descsltiee methods of optimizing the codon usage of
heterologous gesebefore transforming intdunaliella viridis. Chapter 4 of this study
focuseson developinga molecular tool box for genetic manipulation oDanaliella viridis

strain which has higher potential for oil accumulation.

Expression ofan extremophile enzymen Dunaliella

In fatty acid synthesis, the elongation of fatty acids are terminated using\@eyl
thioesterases which hydrolyziee fatty acyl ACPand releases free fatty acids (1, 15). The
thioesterase substrate specificity can influence the lipid profile of an organism (67). Plant

thioesterases have been engineered into a variety of plant species and had effects in altering
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their oil content (65)The degree of saturation and fatty acid profile lgasater impact on
affecting the properties of the fuel product (1). For biodiesel production, saturated medium
chain fatty acids (G&14) are ideal since they have properties which mimic current diesel
fuels (215). Recently, plant fatty ae&%CP thioesterase B (FatB)eneswere genetically
engineered into diatom®kaeodactylum tricornutuprand cyanobacterieSynechocystisp.
PCC6803) with the goal of creating superior biodiesel feedstock, but thede effve met
with limited success (59, 216).

In order to make the fatty acid profile of oil extracted fr@unaliella match the
biofuel characteristics, our study proposed to genetically engaanaliella viridis strain
with the thioesterase A t¢sA gene isolated from a moderately halophilic bacteria
Chromohalobacter salexigerizased on the sequence homolog¥taoli TesA protein. The
idea of &pressing the @sA proteinfrom halophilic bacteriass because the enzyme produced
will be stable and funainal in Dunaliella salt rich growth media. Halophilic proteins can
function in high salt concentrations because the hydrophobic and electrostatic interactions of
aminoacids for proper folding and maintaining stability are strengthened by the presence of
salt (217). In addition, it has been postulated that the presence of more acidic residues in
halophilic proteins may increase the protein flexibility by having a latgeber of nearby
charges that repel each other, thus making it easier for the halophilic protein to change its
conformation despite having a rigid hydrophobic core (217). The TesA protein is shown to
be active over a wide range of conditions and has stispecificity for fatty acid chains

with 12 to 18 carbons in length (218). This substrate specificity is advantageous because
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algal oils with lengths in this range are most amenable to direct conversion to transportation
fuels (219).C. salexigensTesA wlen tested against the substrptaitrophenyl octanoate
showed that the enzyme had its optimal activity at a temperature of 45°C, pH of 8 and at 1M
NaCl concentration (219). Another promising reason to choose TesA homologCirom
salexigensis the successeen in the production of saturated fatty acids (C12, C14 and C16)
from cyanobacteria when a recombinant, leaderless versincofi TesA enzyme was used
(216). Other groups also had shown success in overexpr&sswigTesA for modifications

to produce free fatty acids of chain length C12, C14 and C16 (220, 221).

Based on the previous research, saturated fatty acid products of appropriate length are
produced from oveexpression of TesA in both cyanobacteria &doli (216, 220, 221).
Additional research indicates that the modification of TesA via attachment efear@nal
histidine tag results in a shift in substrate preference towards shorter carbon chain lengths
(222) and therefore it is important to test this effect of tagging before tramsfpthe C.
salexigengesAconstruct intoDunaliella. Given that saturated algails with carbon chain
lengthsof C12 to C14 are most amenable to jet fuel production, it is important to make sure
that the TesA introduced intDunaliella should be able thydrolyze fatty acids of chain
length desired for jet fuel application. Hence Chapter 4 of my study destheseffect of
expressing the recombinant TesA frdtn salexigensin Dunaliella and to evaluate the

transgeni®unaliellafor the fatty acid profe in the TAG fraction.
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Contribution

Dunaliella spp.is a marine microalga genevath great potential as a biofuel feedstock
because they grow fast and can accumulate high levels of triacylgycerides. Previous studies
from other groups have focused on understanding lipid accumulation in other green algae
mainly under nutriendeprivaton. My research foces on understanding environmental
regulation of cell division rates and oil accumulation Dunaliella in response to
photoperiod and temperature as specific factors as well as their interaction. The main reason |
wanted to choose thegactors for this research is because they are easily tunable when we

wanted to grow these organisms in a photobioreactor and harvest for oil production.

For this study, | initially screened several specieBurialiellaand identified thaDunaliella

viridis dumsiiaccumulated more oil at elevated temperature and/or under continuous light. |
designed and conducted a large scale metabolic and transcriptome analysis experiment to
understand thenechanism of cell division and oil accumulation responsestusgecific

stress (photoperiod or temperature) and under combined stress (photoperiod and temperature)
in Dunaliella viridis. | developed and tested protocols for efficient quantification of total
chlorophyll, soluble protein, starch and total lipid Dunaliella. 1 did analyze the
transcriptome data to identify the genes and pathways responsible for fatty acid synthesis,
starch and oil accumulation Dunaliella. Our results indicate that continuous light increases

the cell division rate and accumulatiohoil and starch. Increases in oil content and changes

in fatty acid composition showed stress specific effects that were additive when both stresses
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were combined. This indicates separate signaling/regulatory pathways affecting oil
accumulation inDunaliella. Our transcriptome data analysis showed that membrane lipid
recycling of fatty acidscontributed toD. viridis oil accumulation mechanismt higher
temperature under continuous light and starch accumulation was caused by repression of its
degradatiorunder continuous light. Conserved motifs responsible for the posttranslational
regulation of key starch metabolizing enzymes were abserDuimaliella, suggesting
transcriptional regulation as a key controlling factor. Overall, | participated in gergeaatin
interpretation of substantial amosmf data andvasalso involvedin communicating those

data tomy peers. Finally, | contributed tbemajor writing of this manuscript.

Our study provide fundamental data for understanditige environmental effets on cell
cycle regulation and lipid metabolism in algae and for genetic engineering of algae for
improved oil accumulation. In addition, our research will be a great ass#iefdiofuel

research community to use algae for meeting increasing energyndem
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Abstract

Eukaryotic marine microalgae likBunaliella spp have great potential as a feedstock
for liquid transportation fuels because they grow fast and can accumulate high levels of
triacylgycerides with little need for fresh water or land. ilTfggowth rates vary between
species and are dependent on environmental conditions. The cell cycle, starch and
triacylglycerol accumulation are controlled by the diurnal light:dark cycle. Storage
compounds like starch and triacylglycerol accumulate inlighg when CQ fixation rates
exceed the need of assimilated carbon and energy for cell maintenance and division during
the dark phase. To delineate environmental effects, we analyzed cell division rates,
metabolism and transcriptional regulatiorDianaliella viridis in response to changes in light
duration and growth temperatures. Its rate of cell division was increased under continuous
light conditions, while a shift in temperature from 25°C to 35°C did not significantly affect
the cell division rate, Wt increased the triacylglycerol content per cell sevieldl under
continuous light. The amount of saturated fatty acids in triacylglycerol fraction was more
responsive to an increase in temperature than to a change in the light regime. Detailed fatty
add profiles showed thatDunaliella viridis incorporated lauric acid (C12:0) into
triacylglycerol after 24 hours under continuous light. Transcriptome analysis identified
potential regulators involved in the light and temperaimdeiced lipid accumulatiornn

Dunaliella viridis.
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Introduction

Marine microalgae have been investigated for their great potential as feedstocks for
renewable liquid transportation fuels because they could replace petrdégived fuels
without competing for resources like land or fresh water required for food awd fee
production (1, 2)Dunaliellaspp grow in salt lakes and marine environments worldwide and
have adapted to their specific environments (3, 4). Sellenadliella spp grow well under
high levels of salt, which reduces culture contamination with otheroarganisms or
pathogens (5, 6Punaliella spp grow in media containing an extremely wide range of NaCl
concentrations from 0.05 M to 5.5 M NaCl (7). The abilityDofsalinato produce high
levels of carotenoids made it commercially viable as a ruratisupplement (8). In contrast
to D. saling D. viridisdoes not accumul aicaroterieabutgpeodu@sno u nt
oxygenated carotenoids (Dunaliellaspp lack a cell wall (4), which enables the extraction
of oil droplets by osmotic shock in freshter as one of the most inexpensive and
environmental friendly ways to extract oil from algae cultures (10). Despite all these useful
traits of Dunaliella for bioenergy production, production of algae oil for liquid transportation
fuels is commercially noviable. Technoeconomic analysis identified algae oil content and

growth rates as the two top cost modifiers of fuel production (11). We therefore focused our
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research on the regulation of cell division rates and oil contenDunaliella by
environmentatontrol.

Photosynthetic organisms accumulate carbohydrates, sugars and/or triacylglycerides (TAGS)
during the light period to store assimilated carbon and energy, which is then used for
consumption during the night, or when environmental conditions fimait growth (12, 13).

Cell division rates and TAG accumulation exhibit an inverse relationship because cell
division rates are maximal under optimal growth conditions while TAG as carbon and energy
storage componesmtaccumulateduring conditions that limiicell division (14). Nitrogen
deprivation, salt or light stress and high £&fncentration have been shown to increase oil
accumulation in different algal species {1%). The response of differeBunaliella species

or even strains to eihducing growthconditions varies greatly. Nitrogen deprivation can
induce increases in lipid contentn viridis andD. tertiolecta(15, 19) or can have no effect

on lipid content of the cells @. salina(20).

Because regulation of oil accumulation and cell divisiom diurnally regulated in algae 21

23), we studied the responses Dinaliella spp. to changes in photoperiod as well as
temperature, and the combination of both environmental effects. A shift from light:dark
cycles to continuous light should elimindtee need of the cells to degrade their carbon and
energy reserves during the dark period.

The aim of this research was to characterize the-teéselved physiological, metabolic and
transcriptomicresponse oDunaliella viridis to photoperiod, growth tengpature and the

integration of changes in both environmental conditions. Our results show that changes in
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photoperiod and temperature have both, specific and combined effects on gene expression
and metabolism. While cell division is synchronized by thd g@riod, the cellular protein
content only responds to temperature, not light period. Starch metabolism on the other hand
is controlled via transcriptional regulation of its degradation enzymes and does not respond
to temperature changes under light:dacles, but is sensitive to temperature under
continuous light conditions. Accumulation of TAG has two distinct and independent
component$ a photoperiod responsive component that increased oil content more than five
fold, and a temperatw@ependent comgment responsible for a doubling of oil content.
These effects were independent, so that the combination of continuous light and elevated
temperature led to a tenfold increase in oil content. Transcriptome analysis showed that fatty
acid (FA) biosynthesidor increases in oil content under elevated temperature is not
transcriptionally regulated, while TAG biosynthesis is driven by transcriptioneggudation

of lipases involved in the recycling of FAs from membrane lipids.

Materials and methods

Strain and growth conditions

The Dunaliella spp. strains Dunaliella viridis dumsii, D. salina LB200, D. tertiolecta
LB999 andD. primolectaLB1000) used in this study were obtained from the Center for
Applied Aquatic Ecology at North Carolina State University. Saene growth media was

used for all strains and was modified from (24) using 1M NaCl with the addition of 10 mM
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Tris and pH 7.5. For senguantitative assessment of oil accumulation (Figure A.1), different
species oDunaliella were grown in 1 M NaCl growtmedia in 250 mL Erlenmeyer flasks

for 142 hours under two different light conditions (12 hr light/ 12 hr dark cycle, LD; or
continuous light, LL) and temperatures (25°C or 35°C). The cells were grown under cool
white fluorescent lights (3340 lux) withoghaking or provision of external air or @dror
semiquantitative assessment of oil accumulation, osmotic lysis was performed by adding 1
mL of fresh water to a pellet containing 100 million cells in a sterile microcentrifuge tube
and vortexed thoroughlyNile red to a final concentration of 2.6 uM was added to the cell
debris, vortexed and centrifuged at 13000 rpm for 5 minutes and the Nile red stained oil
bodies were visualized under blue light.

A more detailed metabolic anmlascriptomicanalysis of tk responses to environmental
changes was carried out fddunaliella viridis dumsii. The inoculum was grown in
Erlenmeyer flasks for 1 week under standard conditions of 12 hr light/ 12 hr dark cycle (cool
white fluorescent lights, 3340 lux) at 25°C withaltaking or provision of external air or

CO,. The experimental design is presented in (Figure B1)iridis cultures (0.5 million
cells/mL) in Erlenmeyer flasks were subjected to either a light:dark cycle (12 hr light/ 12 hr
dark cycle (LD) or continuougght (LL)). In a first set of experiments, the cultures were kept

for the entire course of the experiment at 25°C and in a second set of experiments; the
temperature of the incubator was increased from 25°C to 35°C after 24 hrs from the start of
the expement. Flasks were not shaken or provided with external air or dDing the

experimentAt time points (6, 16, 30, 40 and 54 hrs), 10 uL of cell culture was removed to
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analyze cell density and diameter (TC10 Automatic Cell CounterRBa), 20 mL for
transcriptome analysis, 1 mL for TAG content examination by Nile Red staining and
mi croscopy (Protocol A. 1), 250 €L for total

analysis, 400 mL for total lipid and starch analysis.

Ghrs 16 hrs 30 hrs 40 hrs 54 hrs

N R R

| Cell counts, imaging, RNA sequencing, metabolic analysis

Figure 2.1. Schematic of experimental desigrD. viridis cultures were grown either under 12 hrs light/ 12 hrs
dark cycle (LD) or under continuous light (LL) at 25°C. The temperature was increased after 24 hrs to 35°C or

kept at 25°CThe experiment was carried out in 3 biological replicates with three technical replaragach
biological repeat.

Chlorophyll analysis

Total chlorophyllwas determined using a modified protoesl described by Arnon (25). 1
mL of 100% et hanol was added to 250 &L of a

temperature for 10 minutes. Samples were vortexed again and pelleted (13000 rpm, 10 min)
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and the supernatant containing the extractedrophyll was transferred to a fresh
microcentrifuge tube. The chlorophyll content was measured as absorption at 652 nm against
the growth media undergoing the same extraction steps as that of algae culture. The total
chlorophyll amount (pug/mL) was calcuéat as As/36 (36 = extinction coefficient). Total
chlorophyll was measured from three biological replicates with three technical replicates

each.

Protein analysis

Total soluble protein was extracted using a modified protocol as described by Barbarino and
Lourenco (26). 2 mL of culture was pelleted (13000 rpm, 5 min), the supernatant removed
and the pellet frozen in liquid nitrogen and stored8&°C. 1 mL of deionized water was
added to the frozen pellet, centrifuged (13000 rpm, 5 min, 4°C), and thenziae,
containing crude protein extract, was collected. The pellet wastracted with 1 mL of 0.1

N NaOH wi dnarcafaetha¥tol ([/v), incubated for 1 hour at room temperature with
intermittent vortexing, and centrifuged (13000 rpm, 5 min, 4°@) supernatants were
pooled and stored at 4°C. Protein concentration was determined using the microplate
procedure of the bicinchoninic acid (BCA) protein assay kit (Pierce Thermo Scientific,
Catalog # 23235) foll owi ng eflyaeout i nuudf the t ur er
reagent was mixed with 150 pL of the extracted protein sample and incubated at 37°C for 2
hours followed by measurement of absorbance at 562 nm on a plate reader (Synergy HT

multi-mode). The concentration of the extracted proteas determined against the standard
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curve generated with bovine serum albumin (BSA) stock provided in the kit using 1X
phosphate buffered saline (8 mMMJN& Oy, 2 mM KH,PQO,, 137 mM NaCl, 2.7 mM KCI, pH
7.4). Total soluble protein was measured from threlgical replicates with three technical

replicates each.

Lipid Analysis

Total lipid extraction

Algae pellets (4000 rpm, 5 min) from 400 mL of culture were frozen in liquid nitrogen and
placed at80°C. Total lipids were extracted using a modified prot@sotiescribed by Bligh

and Dyer (27). Frozen pellet was resuspended in 1 mL of water followed by extraction with
3.75 mL of methanol:chloroform (2:1, v/v) and vortexed intermittently over the course of 75
min. The suspension was pelleted (2000 rpm, 5 riie) supernatant was collected and the
pellet resuspended in 1 mL of 1M NaCl andergracted with methanol:.chloroform. The
suspension was vortexed, pelleted, and the supernatants pooled. 2.5 mL of chloroform and
2.5 mL of water were added, vortexed, andtegiged (2000 rpm, 5 min). The chloroform
phase was collected, dried under vacuum and then nitrogen, and ste2@dGaffor lipid
analysis. The pellet was stored-20°C for starch analysis. Total lipid content was measured

from three independent bigaal replicates.
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Thin layer chromatography (TLC)

The TLC protocol used for the separation of lipids was done using a modified protocol as
described by Moelleringet al (28). The total lipids were resuspended in
chloroform:methanol (2:1, v/v) to a finabrcentration of 10 mg/mL for lipid fractionation

by TLC. Samples (1.5 mg per lane) were spotted and run along with a lane of standard mix
(Diacylglycerol, tocopherol, linoleic acid and glyceryl trioleate, 1.6 mg/mL each, prepared
fresh, 3 0 essilica pebadsorpt@mptades (Whatman K5 150 A) using petroleum
ether:diethyl ether:glacial acetic acid (80:20:1) as the mobile phase. Plates were dried and
then developed using iodine crystals. Fractions for free fatty acids (FFA), triacylglycerol

(TAG), and diacylglycerol (DAG) were scraped off the plates and placed into separate tubes.

Fatty acid methyl esters (FAMES) preparation

FAMES were prepared from the different TLC lipid fractions using a modified protocol as
described by Laurenst al. (29).50¢ g of tri decanoic acid (Sigma
each fraction. Transesterification was carried out by adding 0.2 mL of chloroform:methanol

(2:1, viv) and 0.3 mL of HCI/Methanol (5%, v/v) to each fraction, followed by incubation for

1 hour at 85°C1ml of hexane was added to the samples and incubated at room temperature

for 1 hour. The hexane phase was collected, dried under vacuum and then nitrogen, and

stored at20°C.

GC/MS analysis

The FAMES were resuspended i n 208s infetted of he

(splitless mode) in a Hewlett Packard 5890 series Il plus GC/MS (Hewlett Packard 5972
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series mass selective detector, Hewlett Packard 7673 injector aytd GRixcolumn). The
Agilent Enhanced ChemStation G1701BA Version B.0lso@tware for HP5890GC was

used for spectral analysis (Wiley7Nist05.L library).

Polar lipid analysis

Polar lipid analysis was performed at the Kansas Lipidomics Research Center (KLRC). Total
lipids were extracted from the 54 hours time point from three indeperadelugical
replicates under each condition, dried and sent for plant polar lipid analysis. The polar lipids
species analyzed at KLRC were PG (phosphatidylglycerol), PA (phosphatidic acid), PE
(phosphatidylethanolamine), Pl (phosphatidylinositol), PS dphatidylserine), PC
(phosphatidylcholine), LysPE (lysophosphatidylethanolamine), LyBE
(lysophosphatidylcholine), LysBG (lysophosphatidylglycerol), MGDG
(monogalactosyldiacyglycerol), and DGDG (digalactosyldiacylglycerol)his protocol

does notinclude diacylglycereN-trimethylnomoserine (DGTS) analysis.

Starch analysis

Starch was extracted from the pellet left over from the lipid extraction using a modified
protocol as described by Winter (30). The pellet was resuspended in 2.8 mL of cold
extraction buffer (3.5 mL methanol, 1.5 mL chloroform and 0.6 mL phosphate buffer (20
mM KH,PO, pH 7.0), 5 mM EGTA, 20 mM NaF), and thoroughly vortexed. After

centrifugation (4000 rpm, 5 min), the organic phase was removed and the pellet was re
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extracted wih 2.8 mL of cold extraction buffer. The pellet was dried, solubilized in 2 mL of

0.2 N KOH, and placed in a shaking water bath at 80°C for 4 hrs. The sample pH was
adjusted to 45.0 with glacial acetic acid at room temperature, and placed in a sonicator
bath for 10 min. 100 €L aliquots from the ¢
starch digestion buffer (50 mM sodium acetate, pH 4.8, 33 nkat amylase, 33 nkat
amyloglucosidase), incubated at 37°C for 16 hours for hydrolysis of starch to glucose.
Sanples were centrifuged (13000 rpm, 5 min) and the collected supernatant was used for the
glucose assay. 50 eL of supernatant mixed wi
1.5 mM MgC} anhydrous, pH 6.9), 100 mM nicotinamide adenine dinucleotideptiate

(NADP), 200 mM adenosine triphosphate (ATP) and 50 nkat of glt@&pd®sphate
dehydrogenase. Absorbance changes at 334 nm were determined before and after the
addition of 50 nkat of hexokinase. The change in absorbance due to the reduction of NADP

to NADPH was recorded and compared to a starch standard curve. Starch content was

measured from three independent biological replicates.

RNA extraction

20 mL of cells were centrifuged (4000 rpm, 5 min) and RNA was extracted from the pellet
using 1l mL of TR z o | reagent (I'nvitrogen, Carl sbad,
instructions. The quality and concentration of the RNA was assessed using an Agilent
Bioanalyzer on an RNA Pico Chip and used for preparation of cDNA libraries for- RNA

Sequencing andnalysis (Protocol A.2). In order to confirm the results from the RNA
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sequencing data, expression of specific genes were tested by qPCR (Protocol A.2) using

genespecific primers (Table A.9).

Results

SeveralDunaliella spp.(D. viridis, D. salinaLB200, D. tertiolectalLB999, D. primolecta
LB1000) were screened for their growth and accumulation of oil in response to temperature
and light changes (Figure A.1). The four differddtinaliella species showed different
responses to those changes in light duratiotemperature (Figure A.1). The screen showed
that on a cellular basis, only. salinaandD. viridis produced significant amounts of oil as
indicated by Nile red fluorescence under elevated temperddureertiolectahad a slight
amount of oil producedt 25°C under continuous light, but not at 35TC. primolecta
showed no detectable oil accumulation under either condiborsalina produced more
biomass at 25°C compared to 35°C, while all other species showed the same or slightly more
biomass production at elevated temperature (Figure A.1). This shows that the responses to
environmental factors ibunaliella are genotype specific.oF a detailed metabolic and
transcriptomicanalysis of the regulation underlying this response, we sel@uedliella

viridis dumsii because it showed the highest oil increase under induction when grown under
LL at elevated temperature in comparison tbeotstrains. We designed a thoeurse
experiment to analyze growth, metabolite contents and transcriptome changes to characterize
the stress specific responses as well as responses to a combined fresdialla viridis

dumsii (Figure 2.1).
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Cell division and growth

To assess the effect of light duration and temperature on cell growth we quantified cell
numbers and cell diameters at each time point. Cells grown under LL divided faster than
those grown under LD (Figure 2.2A). The number of cells tripleder LD and increased 4

5 times under LL, but the difference in cell density was significant only after 54 hours. A
separate experiment with higher temporal resolution under the same conditions, showed that
cell division occurs during the dark period end.D regime while cells grown under LL
showed a constant growth rate (Figure A.2). Higher temperature under LL did not have an
apparent effect on cell division rates during the time of our experiment (Figure 2.2A);
however, it had a significant effect oell diameters (Figure 2.2B). The estimated volume of

the cells, assuming that all cells have the shape of prolate spheroids, cells grown under LL at
35°C was 135 fl compared to an average volume of 112 fl of cells grown at LL 25°C after 54
hrs; a cell vaime increase of ca. 21% (Figure 2.2B). Micrographs of representative cells

from the cultures are shown in (Figure A.3).
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Figure 2.2. Cell division rate and cell size increases under LL versus LD cycleB. viridis cultures were

grown either under LD (dashed lines) or LL (solid lines) at 25°C for the first 24 hours and then either remained
at 25°C (blue lines) or the temperature was raised to 35°C (red lines). The temperature shift occurred after 24hrs
(black arrow).Cell counts (A) and maximal cell diameters (B) were measured in three biological replicates with
three technical replicates each. The error bars represent the standard deviation. Statistical significance was
assessed by unpaired, tivoa i | e d , t-teStt Thalatuastwilbhghe same letters are not significantly different

at 54 hrs (p<0.05).
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Cellular chlorophyll and protein content is affected by temperature

Higher temperature had opposite effects on chlorophyll (Figure 2.3A) and soluble protein

(Figure 2.3B) contents: 30 hrs after the temperature shift (54hrs), cells grown at 35°C had
more chlorophyll and less soluble protein compared to those grown at 25°C. The difference
in the chlorophyll content was the most striking and happened very rapidlyheftieictease

in temperature. At 54 hrs under LL, cells that were transitioned to 35°C had more than twice
the amount of chlorophyll compared to cells grown at 25°C. Interestingly, cells grown at

25°C had significantly more chlorophyll when grown under LBnth.L. The photoperiod

did not have any effect on soluble protein content in cells grown at 25°C, and only a minor,

but significant effect in cells grown at 35°C.
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Figure 2.3. Total chlorophyll (A) and protein (B) content in D. viridis in response to light duration and
temperature. While chlorophyll content increases in response to elevated temperature, soluble protein content
in those cells decreasd. viridis cultures were grown either under LD (dashed lines) or LL (solid lines). All
cultures were grown at 25°C for the first 24 hours and then either remained at 25°C (blue lines) or the
temperature in the growth chamber was raised to 35°C (red lines). Tempetaftiis indicated by the black

arrow. Total chlorophyll content, soluble protein and cell counts were measured in three biological replicates
with three technical replicates each. The data were normalized to 1 million cells. The error bars represent the
standard deviation. Statistical significance was assessed by unpaired,awol e d , t-t&t Thevelues 6 s
with the same letters are not significantly different at 54 hrs (p<0.05).
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Starch is more affected by light duration than temperature

Starch, lke TAGs serve as storage components for assimilated carbon and energy. In
agreement with this function, starch content on a per cell basis was significantly higher under
LL (Figure 2.4). After 54 hours, the starch content in the cells grown under LL eassat

twice the amount measured in cells grown under LD at either temperature. There was no
effect of temperature on the starch content in cells grown under LD. However, cells grown
under LL showed some variation in starch accumulation in response tertgorp. Cells

grown at 25°C reached a maximum of accumulated starch betwe&h [#3urs, after which

starch content decreased, while cells transferred to 35°C accumulated starch and contained
about 40% more starch after 54hrs when grown at 35°C comma&d® under LL (Figure

2.4).
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Figure 2.4. Total starch in D. viridis cells in response to light duration and temperature D. viridis cultures

were grown either LD (dashed lines) or LL (solid lines). All cultures were grown at 25°C for the first 24 hours
and then either remained at 25°C (blue lines) or the temperature in the growth chamber was raised to 35°C (red
lines). The temperaturghift is indicated by the black arrow. The data were normalized to 1 million cells. The
error bars represent the standard deviation from three independent biological replicates. Statistical significance
was assessed by unpaired, tiva i | e d , t-t&tt Thalvalues \Bith the same letters are not significantly
different at 54 hrs (p<0.05).
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Triacylglycerides content and its fatty acid composition respond to light duration and

temperature

Total lipids were extracted using chloroform:methasolvent and fractionated by TLC
(Figure A.4). Three fractions corresponding to DAGs, FFAs, and TAGs were separated,
collected, and fatty acids of each fraction derivatized to FAMES and analyzed by GC/MS.
The interaction of light duration and temperatbael dramatic effects on TAG accumulation

in cells as well as on the FA composition of those TAGs. A shift from LD to LL increased
total TAG content per cell almost fetwld within the first 30 hrs at 25 °C (Figure 2.5A).
When cells were kept at 25°C, thewas no further increase in TAG content detected,
whereas cells transferred to 35°C accumulated more TAG under both light conditions. The
temperaturenduced TAG accumulation doubled TAG content under LL within 24hrs and
tripled it under LD (Figure 2.5A)This indicates that the mechanisms that led to TAG
accumulation under continuous light and elevated temperature are independent but additive.
The effects of the two factors (light, temperature) on TAG accumulation correlate with
differences in their FA pfiles. The temperatusduced increases in TAGs correlated with
increases in saturated FA, while the change in photoperiod to LL resulted in TAGs with more
highly unsaturated FA (Figure 2.5B). As seen for total TAG content, the increases in

saturated FAn response to light duration and temperature increase are additive effects.
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Figure 25. TAG content increases under LL (A) and more saturated FAs at 3% in TAG content (B). D.

viridis cultures were grown either under LD (dashed lines) or LL (solid lines). All cultures were grown at 25°C
for the first 24 hours and then either remained at 25°C (blue lines) or the temperature in the growth chamber
was raised to 35°C (red lines). The tengpere shift is indicated by the black arrow. Total TAG content was
calculated as the sum of the fatty acids from the TAG fraction. Total TAG content was normalized to 1 million
cells. The error bars represent the standard deviation from three indepeiottegitd replicates. Statistical
significance was assessed by unpaired ttwai | e d , t-t&t Thdvalues With the same letters are not
significantly different at 54 hrs (p<0.05).
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The majority of FAs in the TAG fraction were C18:1 (oleic acid)|oiwked by C16:0
(palmitic acid), C18:0 (stearic acid) and ledgain saturated FAs (C20:0). The TAG
accumulation observed in cells grown under LL was mainly due to an increase in C18:1
(Figure 2.6). After 30 hrs in LL at 25°C, the C18:1 content in TAGs seagen times higher
compared to cells grown under LD. Lauric acid (C12:0) and Linoleic acid (C18:2) were only
detectable in small quantities and only under LL. Changes in the TAG fatty acid profile in
response to the temperature increase from 25°C to 3%%@ wostly brought about by
increases in the amounts of the saturated FA C16:0, C18:0 and thehkingsaturated FAs

C20:0, C22:0, C24:0 and C26:0 (Figure 2.6).
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Membrane lipids

Membrane lipids are composed of polar lipids that are distinguished by their head group. For
a more detailed analysis of specific membrane lipid classes, we analyzed total lipid samples
from the endpoint of the time cour&! hrs). The largest fractions of polar lipids Bf&€DG

and DGDG that are primarily found in the chloroplast and thylakoid membranes, and
phospholipids (PL) found in all membranes (Table AAL)25°C, cells grown under LL had

lower amounts of the chlorgst membrane lipids, MGDG and DGDG, while no significant
changes were detected in the cellular levels of the other PL classes (PG, PC, PE and PI)
(Figure 2.7). However, at 35°C the same transition from LD to LL significantly increased the
amount of DGDG ad PL but had no effect on MGDG. The cellular quantities of MGDG
increased significantly with increased temperature. PL content was higher only at 35°C under
LL, but did not change under any of the other growth conditions (Figure 2.7). This increase
was de to an increase in all the major analyzed PL clasb¢s, PC, PE and PISBA

Figurg. PA was found in small quantitie3gble A.) and PS was not detected under any
conditions. The majority of DGDG and MGDG showed a total FA chain length of C34 with

a total of 3 to 7 double bondgigure A.§. This corresponds to a lipid composed of one C18
and one C16 FA. The degree of saturation was higher in MGDGs compared to DGDGs. The
temperature induced increase in MGDGs corresponds to decrease in its degree of FA
sduration. The same trend can be observed in the DGDGs where at 35°C, the increase in
total DGDG is mostly due to an increase in (34:3) and lower levels of (34:6), resulting in an

overall lower degree of saturation at 35%gy(re A.9.

107



1000 - . c
BDGDG Polar Lipids

900 -
BMGDG

co

(=1

(=]
1

B Phospholipid

~]

o]

o
1

a a

(=)

]

o
1

I|

500 A

400 A

pg lipid/million cells

300 -~

200 A

100 1

25°C 25°C

Figure 2.7. Major polar lipid classes responds to photoperiod and temperature changes at 54 hishe

cellular content of the major polar lipid classes DGDG (grey bars), MGDG (black bars) and PL (striped bars)
responded to changes inmperature and light duration. The error bars represent the standard deviation from

three independent biological replicates. Statistical significance was assessed by unpaired,itwo e d , Studen
t-test. Thevalues with the same letters are siginificantly different at 54 hrs (p<0.05).

Lyso-phospholipids and free fatty acids

The cellular content of Lysphospholipids was strictly temperature dependent and showed
no significant changes in response to light duration. Stetadg levels oLyso-PG, LysePC
and LysePE were 40%50% lower at 35°C than at 25°€igure A5.B. FFA can originate

from hydrolysis of TAGs or polar membrane lipids as well as during synthesis. During the
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time-course of the experiment the FFA pool was mostly affectatidnlight interaction with
temperature. The accumulation of FFA over time was different under the two light conditions
at 25°C. At 25°C under LD, the FFA was highest at 40 hrs however, under LL, it was highest
at 54 hrs Figure A7.A). At 54 hours, cellsr@wn under LL contained higher levels of FFA
than cells grown under LD conditions. Under LL, higher temperature caused a 50% increase
in FFAs, while no significant increase in response to temperature was observed under LD.
Under all conditions, the FFA ftdon was mainly (8®0%) composed of unsaturated FAsS

(Figure A7.B.

Transcriptome analysis

Differentially expressed transcripts in response to photoperiod and temperature changes

We carried out RNAseq analysis for each time point and condition to yehiEnges in
transcript abundances that correlate with the observed changes in physiology and metabolism
(Protocol A.2). A data summary of transcripts obtained after analysis are available (Table
A.2). Our sequence analysis annotated 11,701 transcriptsS400 distinct genetic loci. All
transcript count data are available at N@GEHEO (GSE40997) and the list of differentially
expressed transcripts under light and/or temperature effect are pr¢valgdds A.3A.6).

While those sequence count data can kadyard in different ways, we compared relative
transcript abundances between the time points for photoperiod (LL over LD at 25°C) and

temperature treatment (35°C over 25°C under LL) to identify transcripts responding to either
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stress or both stresses (Fig2.8). Out of the 9400 expressed transcripts, 1030 transcripts
responded to light duration (Table A.4) and 373 transcripts to higher temperature (Table
A.5). Overall, more transcripts showed differential responses to changes in the light regime
comparedto those responding to changes in temperature. Transcriptional responses were
apparent within 6 hours after the temperature increase (Figure 2.8). The longer the cells were
subjected to high temperature, the higher was the number of transcripts ddflrenti
expressed in response to this factor, while the number of differentially expressed transcripts

in response to LL decreased over time (Figure 2.8).

Temp Light
LL-35°C/25°C 25°C - LL/LD

30hrs

40 hrs

0101 ©,

54 hrs

Figure 2.8. Numbers of transcripts responding to change in lightluration and/or temperature at 30, 40

and 54 hours The numbers indicate the number of loci differentially expressed either only in response to
continuous light compared to light:dark cycles at 25°C (2BB@.D) or only in response to increased
temperatureinder continuous light (L135°C/25°C).
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As expected, the most highly wpgulated transcripts under elevated temperature in LL were
heat shock proteins (HSP20). Fructisgphosphate aldolase, cytochrome ¢ oxidase subunit

2 and chloroplast carotene biosynthesis related protein, showed at-felmshigher Reads

Per Kilobase per Million mapped reads (RPKM) at 35°C than 25°C under LL (Table A.5).
Although our timecourse was not designed to describe diurnal transcript changes, a large
number of differentially expressed transcripts involved intpéynthesis and most primary
metabolic pathways followed a strong diurnal pattern under LD conditions that was lost
under LL (Figure A.11AP).

Gene Ontology (GO) term enrichment analysis (Protocol A.2) showed that the most enriched
functional categories wh changes in response to light duration (LL/LD) were genes
involved in CQ assimilation, cell cycle progression, photosynthesis and chloroplast function.
At elevated temperature (35°C/25°C) the GO categories with-repeesentation of
differentially expessed genes were chloroplast function, energy metabolism, carbohydrate
metabolism, photosynthesis, respiratory chain, protein degradation, ion transport, membrane

function, and stress response (Table 2.1).
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Table 21. Categories enriched in differentially expressed genes under continuous lighor high
temperature. For each one of the two factors, the categories enriched are presented. The expected column
presents the number of loci that were expected in a specific category based on the genes per GO and the number
of differentially expressed genes. The count columasents the actual number of loci differentially expressed

in that category. The third column shows the overrepresentation of a category calculated as the ratio of
count/expected hitg(protein degradation for temperature factor).

Light Temperature

Over Over
Category Expected | Count |represented | Expected | Count |represented
Chloroplast 40 162 4 3 9 3
Energy 2 6 3 1 5 5
Carbohydrate metabolism | 12 39 3.3 0 2 b
Photosynthesis 11 49 4.5 2 9 3.5
Respiratory chain 12 45 3.8 0 6 b
Protein metabolism* 13 18 14 3 10 3.3
Cell cycle 7 37 5.3
CQO;, assimilation 0 2 b
Movement 28 61 2.2
Nucleic acid 321 452 14
Nucleus 1 4 4
Envelope 1 4 4
lon transport 2 12 6
Membrane 5 11 2.2
Others 406 626 15 2 13 6.5

Transcripts levels from the fatty acid biosynthesis pathway genes under elevated temperature

Most of the transcripts encoding enzymes of the FA biosynthesis pathway were down
regulated at 35°C (Figure 2.9 and Table A.7A). In particular, the subunits from both the
Acetyl-CoA Carboxylase (ACCase) and Fatty Acid Synthase (FAS) were -degulated
(Figure A.11EG). Only transcripts for FAB2 (stearoylACP D’ desaturase) and FAT (aeyl
ACP thioesterase) were upgulated at high temperature). FAB2 is responsible for the

desaturation of C18:8CP and we found two distinct transcripts (FABZ900 and FAB-
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2/68) that encode this enzyme (Figure A.11l). The expression of AAB2s not affected by
temperature whereas the FAB2was upregulated. At 30 hours (6 hours after the
temperature increase), there was no difference between the RPKM values of eallsagro
25°C versus 35°C but at 40 hrs (16 hours after temperature increase), the transcript
abundance at 35°C was 2.6 times higher than at 25°C (Log2fold of 1.4), and at 54 hrs its
abundance was 2.8 times higher. These two transcripts are not expre$sedaahé level:
FAB2-1 transcript abundance was7&imes higher than for FAB2 with RPKM values of
171-178 and 2837, respectively. The FAT gene, responsible for the release of the FA from
the acylcarrier protein, showed increased transcript abundander umgher temperature

(Figure 2.9 and Table A.7A).
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Figure 2.9. Effect of temperature on the transcript abundance of the fatty acid pathway gene$he blocks

of three squares represent the,kQ@E5°C/25°C) at 30, 40 and 54 hrs (6, 16 and 30 hrs after the temperature
switch). CoA: coenzyme A; ACP, acyl carrier protein. Enzymes include: ACCase,-8o&ytarboxylasea-

CT, alphacarboxyltransferase subuniit:CT, betacarboxyltransferase subunitCB biotin carboxylase subunit;
BCCP, biotin carboxyl carrier protein subunit; MCT, male@dA ACP transacylase; FAS, fatty acid
synthase; KAS, ketoacdCP synthase; KAR, ketoaciCP reductase; HAD, hydroxyacplCP dehydrase,
EAR, enoytACP reductase; AB2, stearoylACP-D9-desaturase; FAT, aciCP thioesterase. Expression data
for the transcripts used in the pathway are provided in (Table A.7A).

Transcript levels from the triacylglycerol pathway under elevated temperature

TAGs are synthesized by tlaeldition of a FA to the sB position on the glycerol backbone
of DAG. Those FAs can be newly synthesized or can be recycled from FAs present in

membrane lipids (31). Because membrane lipids are subject to modifications such as
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desaturation and elongatiothe FAs added to DAGs to form TAGs have very different
characteristics and properties if they are newly synthesized or recycled from membrane
lipids. The transcripts encoding the first two enzymes from the TAG synthesis pathway,
glycerol3-phosphate  acylansferase (GPAT) and Lygshosphosphatidic acid
acyltransferase (LPAT) that catalyze the formation of PA from glyeeposphate (G3P)

were both dowsregulated at 30, 40 and 54 hrs (Figure 2.10 and Figure A.11L). The
transcript coding for phosphatidaphosphatase (PAH), responsible for the formation of
DAG from PA, was first dowaregulated at 30 hrs but then became increasinghegplated

at 40 and 54 hrs (Figure 2.10 and Table A.7A). Interestingly, similar to the FAB2 transcript,
the transcript erading for the enzyme that was-vggulated was also the transcript with the
lowest overall abundance levels. Several transcripts coded for different isoforms of
diacylglycerol acyltransferase (DGAT), responsible conversion of DAG to TAG in the
Kennedy pativay (32). We found two transcripts corresponding to diacylglycerol
acyltransferase type 1 (DGAT) and 5 transcript corresponding to diacylglycerol
acyltransferase type 2 (DGTT). DGAT1 corresponds to transcript 6208 and was the only
transcript upregulated aboth 40 and 54 hrs (Figure 2.10). The transcripts of PL synthesis
genes showed different expression patterns. The two main membrane lipidsiridis are
MGDG and DGDG (Table A.1). The transcript for monogalactosyldiacylglycerol synthase 1
(MGD1) which synthesizes MGDG from DAG was dowegulated at all three time points
while transcripts encoding the enzyme digalactosyldiacylglycerol synthase 1 (DGD1) that

synthesizes DGDG from MGDG was-uggulated (Figure A.11J). Two enzymes involved in
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channeling 6 FAs from the membrane lipids into TAG are phospholipid:diacylglycerol
acyltransferasgPDAT1) and plastid galactoglycerolipid degradationl (PGD1) (33, 34).
Transcripts encoding those two enzymes showed opposite regulation: PDAT1 transcripts
were downregulated at all three time points while PDG1 transcripts were increased at all
three time points (Table A.7A). Transcripts of other enzymes in this pathway involved in
membrane lipid FA modification (elongation and desaturation) showed variablatregul
patterns in response to elevated temperature: in general, transcript levels of desaturases were
downregulated and transcript levels of elongases weneegplated (Figure A.11K). Several
transcripts encoding for lipases that could be involved inréhease of FAs from the
membrane lipids for integration into TAG were -tggulated (Figure 2.10 and Figure

A.11N).
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Figure 2.10. Effect of temperature on the transcript abundance of the TAG pathway gene$kelative
transcript abundanaghanges for the transcripts of the lipid biosynthesis pathway are provided in (Table A.7A).
Compounds include: G-P, glycerol3-phosphate; Lys®A, lysophosphatidic acid; PA, phosphatidic acid;
PG, phosphatidylglycerol, SQ@R sulfoquinovosyldiacylglycerol;, MGDG, monogalactosyldiacylglycerol,
DGDG, digalactosyldiacylglycel, DAG: diacylglycerol, TAG, triacylglycerol. Enzymes include: GPAT,
glycerol3-P acyltransferase; LPAT, lysophosphatidic acid acyltransferase; PAH, phidaphathosphatase;
DGAT and DGTT, diacylglycerol acyltransferase; PCT, Gi&cylglycerol synthase; PGP,
phosphatidylglycerolphosphate synthase; SQD1, dDIFbquinovose synthase; SGD2, sulfolipid synthase;
MGD1, monogalactosyldiacylglycerol synthase; DGOligalactosyldiacyglycerol synthase; PGD1, plastid
galactoglycerolipid  degradationl; GGGT, galactolipid:galactolipid galactosyltransferase; PDATI1,
phospholipid:diacylglycerol acyltransferase; MLDP, major lipid droplet protein; ic&gtoacylCoA synthase;
CHAD, 3-hydroxyacy!}CoA dehydrogenase; TER, TraBsenoylCoA reductase; PCH, Palmite@oA
hydrolase; FADSMGDG specific palmitatd>-7 desaturase; FADGy-6 fatty acid desaturase; FAD®;3 fatty

acid desaturase; LCIII, class pdise, FAP, class 3 lipase, LIP, lipase; TAGL, triacylglycerol lipase.

117



Transcript levels of starch synthesis pathway genes under continuous light

Transcript abundance changes associated thghsynthesis and degradation enzymes of
starch were higher iresponse to photoperiod duration than to temperature increase (Table
A.7B and Figure A.110,P). ADBlucose pyrophosphorylase (AGPase) which catalyzes the
conversion of glucosé-phosphate (G1P) and ATP to generate Aglicose did not show

any difference irthe abundance of small subunit transcripts at 25°C under both LD and LL
until 54 hours (Figure 2.11). The transcripts encoding for the large subunit of AGPase under
LL was upregulated at 16, 30 and 40 hours, which may have caused the increased starch
accumulation under LL (Figure 2.4). Transcripts for starch synthase (SS) which uses ADP
glucose as a substrate to generate amylopectin followed a strong diurnal pattern of regulation
under LD, but was increasingly doweagulated under LL. The transcripts eding for the
branching enzyme (BE) shows opposite regulation under both light conditions in comparison
to SS. The debranching enzymes like isoamyl@&A) and pullulanase hydrolyze
amylopectin to release maltose and mualigosaccharides from starch awmdn also be
involved in modifications of branch density and therefore crystallinity of the starch.
Transcripts encoding for both the ISA and pullulanase followed diurnal pattern under LD
cycle, with opposite pattern of regulation. Madtiigosaccharidesra hydrolyzed in the
plastid by the disproportionating enzyme 1 (DPEL1) into glucose and by starch phosphorylase
into G1P. Transcripts encoding for DPE1 showed a strong diurnal regulation under LD,
whereas under LL it was increasingly dovegulated. Transipts of genes involved in

starch degradation via hydrolysis such as eligbglucosidase (€1,6G) and alphamylase
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(a-AMY) or by phosphorylation such asGWD (alphaglucan water dikinase) and BAM
(betaamylase) were identified. Among these degradationymes, transcripts encodiag

GWD, O-1,6G, anda-AMY followed a diurnal pattern of regulation under LD cycle with up
regulation in light and downregulation in dark. Under LL, the transcripts encoding those
degradation enzymes were-tggulated at 16 Brand then increasingly dowagulated until

54 hours (Figure 2.11). Under LD, BAM transcript wasregulated in the dark and down
regulated in the light. The maltose generated from BAM in plastids is exported into the
cytosol through the maltose transggorl (MEX1) and hydrolyzed by disproportionating
enzyme 2 (DPEZ2) into glucose. Transcripts for both of these proteins, MEX1 and DPE2, had

a similar pattern of regulation under LD (Figure 2.11 and Figure A.110).
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Figure 2.11 Effect of light duration on the transcript levels of the starch pathway genes.The chart
represents the RPKM pattern at 25°C under LD (blue lines) and LL (red lines) at 6, 16, 30, 40 and 54 hours.
Compounds include: Gluco$#®, Glucoseé-phosphate; GicoselP, Glucosel-phosphate; ADRjlucose,
Adenosine diphosphatglucose. Starch synthesis enzymes include: PGM, phosphoglucomutase; AGPase, ADP
glucose phosphorylase; SS, soluble starch synthase; GBSSI, granule bound starch synthase-§Bi, 1,4
glucan branching enzyme; ISA, isoamylase; Pullulanase and HXK, Hexokinase. Starch degradation enzymes
include: \GWD, alphaglucan water dikinasd}}AMY, alphaamylase; O 1,6G, oligh,6-glucosidase; BAM,
betaamylase. Disproportionating enzymes include: DR@astid isoform) and DPE2 (Cytosolic isoforna);

1,4 glucanotransferases. Transporter include: MEX1, Maltose transporter 1. Expression data for the transcripts

used in the pathway are provided in (A.7B Table).

120



Expression profiles

We performed @me-course analysis using the STEM program that allows the clustering of
transcripts into expression profiles by their transcript abundance change patterns (Protocol
A.2). Among all 9400 transcripts, 46% were assigned a profile in the LD time seriegyput 0
28% were assigned a profile in the LL time series. We identified two significant expression
profiles for transcripts under LD condition and six for transcripts under LL light (Figure
A.9). The two significant LD expression profiles consist of transenypregulated during

the dark phase (expression profile #10, 23% of the transcripts) or transcriptsetpiated

during the dark phase (expression profile #5, 12% of the transcripts). The two most
prominent LL profiles are for transcripts whose expgmsslowly decreases over the course

of the experiment (expression profile #2, 10% of the transcripts) or whose expression first
increases and then decreases (expression profile #12, 4% of the genes) (Figure A.9B). In the
LD time series, profile 10 was eched with genes from the nucleic acid and energy
categories whereas profile 5 was enriched with genes from the movement category (Figure
A.9A). Profile #13 from the LL time series shows a steady increase in expression over the
course of the experiment. \B&al categories are enriched in this profile: photosynthesis,

nucleic acid, stress response and movement (Figure A.9B).
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Discussion

When we tested the most commonly describedhaliella species for their responses to
different environmental stresses imding light duration and temperature, we found a wide
spectrum of physiological and metabolic differences among those species. This is not very
surprising, because of their large evolutionary distances and adaptation to different marine
and salt lake halats worldwide (4). We focused on a strainDafnaliella viridis that was
identified when we attempted to confirm the identity of cultures we received from another
lab. Our strainPunaliella viridis dumsii, differs by three nucleotides in the ITS2 regiamf

the closest establishedunaliella genotype, which necessitated the unique name of our
strain. Sequence information of ITS2 region Bénaliella viridis dumsii available at
Genbank KP057241).

This D. viridis ecotype accumulates TAG under elevated &naipire without a large drop in
growth rate when grown under LL. To characterize the underlying mechanisms which enable
these algae to accumulate storage components like TAGs at a fast growth rate, we analyzed
the timeresolved metabolic anttanscriptomeresponses to each environmental change
separately as well as in combination. Interestingly, the accumulation of TAGs is increased by
either stress independently, which results in an additive effect of TAG accumulation when
both stresses are applied. We digcussing here the specific effects of either stress and the

integration of both stresses.
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Cell cycle regulation by photoperiod

Exposure to continuous light (LL) had a significant effect on increasing the cell division rate
compared to LD, while tempetae changes had no significant effect (Figure 2.2A) during
the time period of this experiment. The algae cells divided during the dark period (Figure
A.2), but acquired an apparently constant cell division rate when grown under LL, indicating
that cell divsion is not under circadian control but light responsive (diurnal). GO term
enrichment analysis of differentially expressed genes shows the cell cycle category as
enriched under LL (Table 2.1). The algal cell cycle has been found to be closely conmected t
photoperiod with cells being in the;@hase during the light period and then advancing
through S, G and M phases during the dark period. The diurnal pattern of cell growth in the
light and cell division in the dark is thought to allow for maximumeadlbn of energy (35).

The synchrony of cell cycle progressiorDnviridis can be seen from the transcript levels of
canonical S and M phasxpressed genes, showing high abundances in the dark, but not in
the light (Figure 2.12 and Table A.8). The diirpattern of expression of these genes fades
into a continuous expression pattern under LL suggesting that the population of cells is no
longer dividing synchronously. The loss of synchronous growth most likely stems from the
lack of the dark induced pamisn the cell cycle, which allows cells to resume cell cycle
progression as soon as cell division is complete. The increased cell density under LL
indicates that the time required for completion of a cell cycle is less than 24 hours under
sufficient nutriet supply and that the cells have the ability to progress through the cell cycle

constantly.
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Figure 2.12. Cell cycle regulated genes show diurnal regulation under LD, but constant transcript levels

in LL . Lines represerthe changing pattern in transcription in RPKM values for each of the genes. Genes are:
H2A, histone H2A; CYCA, Atype cyclin; CYCBL1, Btype cyclin 1; CYCB2, Bype cyclin 2; cyclin dependent
kinase B.

While there was no significant effect of temperatarecell division rate, the cell size was
affected by temperature only under LL. Cells grown at 35°C were significantly larger than
25°C (Figure 2.2B and Figure A.3). The increased cell sizB.imiridis correlates with a
significant increase in PL aswtould be expected from the need for more membrane in cells

with larger surface (Figure 2.7).

Photosynthesis under heat stress

The most abundant polar lipids are DGDG and MGDG, which are exclusively found in the
chloroplast envelope and thylakoid membra88). In our experiment, changes in cellular

DGDG and MGDG quantities occurred in response to light duration and temperature (Figure
2.7), and strongly correlated with the chlorophyll contents under the respective growth

conditions (Figure 2.3A). In respse to elevated temperature, cellular chlorophyll content
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and MGDGs increased, suggesting that the photosynthetic machind®y \ofidis cells
acclimate to heat stress when switched from 25°C to 35°C as a result of enhanced thermal
stability. A similar reponse was observed @hlamydomonag37). The photosystem Il
complex is especially susceptible to heat-483. Most of the photosystem | and Il subunit
related genes at 35°C had abodibld greater RPKM at 30 hrs in comparison to 25°C under

LL (Figure A11C,D). Chlorophyll is coordinated in the membrane by the-hgintesting
complex proteins (LHCP). Transcript levels of those major LHCPs were transiently increased
3- to 4fold within 6 hours after transfer of cells to elevated temperatures, but iktiorne
similar levels as in cells grown 25°C thereafte(Figure A.11B).

Membrane lipid remodeling has been shown to be a mechanigramdopsisand other
vascular plants to modify the physical properties of membranes associated with temperature
stress. Higher temperature increases membrane fluidity which can be countered by an
increase in the degree of FA saturation to maximize hydrophobic dtiters and thereby
counteract the increase in fluidity under higher temperature. The increase in growth
temperature ofArabidopsisresulted in a decrease in the trienoic FAs and an increase in
C16:0 and C18:2 levels in the membrane lipid composition imekg41). Similar to
Arabidopsisleaf cell membranes, a significant decrease in the saturation levels in membrane
lipid composition were observed wh@&unaliella cultures were transferred from 25°C to
35°C under LL (Figure A.6). The changes in the FA cositpm of membrane lipids suggest

the possibility of membrane remodeling In viridis under heat stres€hlamydomonas

mutants defective imy-3 desaturas€dhomolog of FAD7 in plantshave a significant
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reduction intrienoic membrane lipid FAs under shotérm heat stress contributing to
increased photosynthetic thermotolerance compared to wild type (42). Similar to
ChlamydomonaBAD7 mutants, we found that under heat stress there was ardgwation

of FAD7 inD. viridis (Figure 2.10). Increased levels @GDG and/or the ratio of DGDG to
MGDG play an important role in basal as well as acquired thermotoleraa@bidopsis

(43), which contributes to increased thylakoid membrane stability at elevated temperature
(44). Arabidopsismutants defective in DGD1he key enzyme in the conversion of MGDG

to DGDG, were sensitive to temperature stress due to their inability to increase their DGDG
levels and DGDG:MGDG ratios in response to elevated temperature (43). These
Arabidopsisexperiments were carried out tviplants grown under a LD cycle. We found
that in Dunaliella, this response to elevated temperature is dependent on the light period
conditions. Under LD cycle a temperature increase resulted in an increase instsaady
levels of MGDG and a decrease DGDG levels (Table A.1), suggesting a reduction or
inhibition in the conversion of MGDGs to DGDGs. However, under LL, the elevated
temperature increased the steathte levels of both, DGDG and MGDG. These results show

a strong interaction of light durati and temperature stress on the composition of chloroplast
membrane lipids. It is noteworthy to mention tBatviridis possesses PC, the most common
membrane lipid in plants (45), whi@@lamydomonadoes not (46).

HSPs and carotenoids participating fre ixanthophyll cycle have been shown to play a role

in protecting the photosystem Il complex against heat stress (&Q)4Dur transcriptome

analysis identified several HSP genes that weraegplated in response to elevated
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temperature (Table A.5). This consistent with a proteomics analysis@mamydomonas

grown at 42°C (51).

Metabolic acclimation to continuous light

Cells under LL at 25°C divided the fastest (Figure 2.2A) and did not shown an increase in
their cellular chlorophyll content (Figu&3A) or polar lipid content (Figure 2.7) as they did
when grown under a LD regime at 25°C. These algae cells (LL, 25°C) also had decreased
levels of chloroplast membrane lipids (Table A.1l), but increased amounts of the storage
components starch (Figure42 and TAGs (Figure 2.5A). The lower chlorophyll content
might be due to irradiance stress as observ&d saling where cells grown under higdight

exhibit lower chlorophyll levels than those grown under-lmht (52). Cells acclimate to

high levelsof irradiance by reducing the chlorophyll antenna size of the photosystems as
shown in D. tertiolecta (53), D. salina (54) and C. reinhardtii (55). Light harvesting
chlorophyll antenna size varies according to variable amounts of LHC | and LHC Il with the
respective photosystems I. salina (56-58). GO term analysis showed enrichment in
transcripts of chloroplast and photosynthesis as top categories for light factor (Table 2.1).
Additionally, several photosystem transcripts were the most differentiallylateg in
response to light duration (Table A.4 and Figure A-TABwhich might explain the cells
strategies to acclimate to LIChlamydomonasells have been shown to have increase
carbonic anhydrase (CA) activity when grown phataotrophically and exhit higher

affinity for inorganic carbon uptake (59). The most dramatic effect in response to LL at either
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temperature (25°C or 35°C) was observed in the transcript abundance changes of specific
carbonic anhydrase isoforms (Figure A.11A). When light absorgexceeds Cgfixation

rates, the excitation energy can cause photoinhibition. To adjust their photosynthesis to
excess light energy (as under LL), the cells can either increase photoprotective mechanisms
for nonphotochemical quenching or increase th€O, fixation rates. Based on our
transcript dataPunaliella cells use both strategies to compensate for LL exposure. It has
been shown irChlamydomonashat the major extracellular carbonic anhydrase (HLAS) is
induced by light or low C®(60). Increasig the carbonic anhydrase as part of the carbon
concentrating mechanism, enables the cell to productively use the excitation energy for the
uptake of Gagainst a concentration gradient, and for the fixation of. C@e increase in cell
number and storag@mponents (starch and TAGS) requires a net increase jfix@@on in

cells under LL exposure. Photoprotection by 4ptiotochemical quenching is apparent from

the differential expression of transcript 10594 encoding chloroplast carotene biosynthesis
relaed (CBR) protein (Table A.4). Under LD conditions, expression varied from ~1500
RPKM to no expression in the dark (38 RPKM), while under LL, transcript abundance
remained above 400 RPKM during the course of the experiment. CBR is a homolog of
vascular pant ELIP proteins (early lighihduced proteins), shown to bind zeaxanthin to form
photoprotective complexes within the ligharvesting antennae for ng@hotochemical
guenching (61). CBR proteins accumulateDinsalinacells under high light stress aade
thought to be indicative of irradiance stress-§3). The role of this protein may explain its

up-regulation in response to LL stress.
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Cells grown under LL contained 25% less total membrane lipids compared to cells
grown LD under 25°C at Sdours (Table A.1). This decrease was due to the reduction of the
chloroplast membrane lipids MGDG and DGDG (Figure 2.7), and strongly correlates with
the low content of chlorophyll under LL at 25°C (Figure 2.3A). While the content of total
membrane lipidslecreased under LL at 25°C (Figure 2.7), TAG content increaséaldl0
accumulating oleic acid (C18:1) (Figure 2.5A). Nlannochloropsisgalactolipids (MGDG
and DGDG) decrease and TAG increases, as irradiance level was shifted from low to high

(53).

Significant transcriptome analysis

Several transcripts encoding for HSPs wereagulated in response to heat stress (Table
A.5). This is consistent with the results from a proteomics analysiShtdmydomonas

grown at 42°C (51). Protein degradation was ofithe enriched categories in our GO term
enrichment analysis for heat stress (Table 2.1). This is in agreement with our metabolic data,
because the cells grown under 35°C had a sudden increase in protein content directly after
the increase in temperagurThis is possibly due to production of HSPs, while the decreased
protein content under constant elevated temperature, and is possibly due to peptidase activity
(Figure 2.3B and Table A.5). In several cases, we had more than one transcript encoding for
the same enzyme (different isoforms). Interestingly, the transcripts that showed differential

expression (wpegulation or dowsregulation) were actually the transcripts with the lowest

129



relative abundance (low RPKMSs) of the two isoforms. For example, FAB2iha isoform

which maintains steady state exgsi®n and the other isoformagpressedt low levels but

shows differential expression in response to high temperature (Table A.7A). This was also
found in Chlamydomonasthe expression of DGTT1, one of the 5 typdGAT from
Chlamydomonashowed the highest fold change but had the lowest transcript abundance

(31). This could be an important mechanism for the regulation of specific pathways.

Mechanism of starch accumul&éon in response tophotoperiod

We identified enzymes from the transcriptome analysis to reconstruct the classical starch
biosynthesis and degradation pathways (Figure 2.11) (64). Transcript abundances for several
enzymes of the synthesis and degradatiatihyways were under strong diurnal control: SS,
DPE 1-AMYD-1, 6 G, -GWD hhd laver transcript levels in the dark and higher levels

in the light, while the BE, ISA, BAM, MEX, and the cytosolic DPE2 show the opposite
cycling with high transcript levels the dark and lower levels in the light (Figure A.110,P).

We did not see any changes in starch quantities during those time points under LD, but it is
possible that these time points did not reflect times of maximum difference, bpbmid in
accumuléion and degradation and therefore fail to show diurnal changes.

Starch is accumulated in leaves of vascular plants during the light period and degraded
during the subsequent dark phase (12). Several light regulated enzymes have been shown to
be under camol of the circadian clock (65, 66). However, starch metabolism in algae has

been shown to have some distinct differences compared to vascular plants. In
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Chlamydomonastarch biosynthesis and degradation is controlled by a circadian rhythm, but
the levelsof starch content peaked in those cells during the dark phase and were lowest
during the light period (67). The authors of that study hypothesize that the difference in
starch accumulation is due to the difference in the cells developmental state. iBeggilat
starch accumulation in mature cells in source tissues may be under a different control
mechanism than in fast dividing cells. However, th€sdamydomonagells were grown
heterotrophically on acetate, which might have a major impact on the regutditcarbon
storage metabolism. In the green paigae,Ostreococcus tauristarch accumulated similar

to vascular plants during the light period and was degraded during the dark phase (68).

The first ratelimiting step for starch biosynthesis is thernf@tion of ADRglucose by
AGPase, a heterotetramer of 2 large and 2 small subunits (69). The activity of AGPase in
vascular plants is regulated allosterically by triosephosphates and phosphate as well as via
posttranslational redox modification. Reversifdemation of intermolecular cysteine bridges
between the two catalytic small subunits of AGPase is formed by a MNADRdoxin
reductase C complex leading to changes in enzyme activig 69Reversible redox
activation has been shown for other enzynregshe starch biosynthesis or degradation
pathways including ISA, Limit Dextrinase, SS, GWD, and the BRrabidopsis(72). This
conserved mechanism of posttranslational regulation of enzyme activity in vascular plants is
apparently lacking in green ueitular algae. AGPase activity @streococcus tauris not
regulated by redox modification (73), and the conserved cysteine residues in AGPase, GWD,

and ISA that are required for redox regulation are replaced by other amino acids in
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Chlamydomonag$streooccusandMicromonas(68). We analyzed the respective sequences
from the fourDunaliella species described here, that were either sequenced in our lab or
through the oneKP project (¥45). Sequence alignment of the transcriptome data for the
identified cyseine motifs, which are responsible for the redox activation of their respective
enzymes showed thét. viridis, D. tertiolecta, D. salinandD. primolectaenzymes do not
contain the conserved cysteine residues and therefore are likely not regulatedoxa r
modification (Figure A.10). Due to the lack of redox modification of key starch metabolic
enzymes, the authors of the respective studiehlamydomonasand Ostreococcus
concluded that the major regulatory mechanism is on the transcriptional 1@yéi8(6 This
hypothesis is the most likely scenariddanaliella species as well.

While our sampling time points were not designed to capture full diurnal cycles, we did
ensure that harvesting was carried out at the same intervals after transitidn (6 hgs) or

after transition to dark (4 hrs). While the time points cannot represent diurnal changes, some
transcripts show significant differences under LD that are not apparent when grown under
LL. In D. viridis, overall starch only accumulated undér, bot under LD (Figure 2.4). The
overall decreasing RPKM values for the transcripts of starch degradation enzymes under LL
(Figure 2.11) support the fact that cells under LL at 25°C might accumulate starch by
repressing degradation. Two distinct pathwéys starch degradation, the hydrolytic and
phosphorolytic routes, were observedDOn viridis (77). The hydrolytic enzymed}AMY

and O 1,6G, catalyze the hydrolysis of starclHd-glucose. The releasadlD-glucose can

be exported to the cytosol and urgke glycolytic conversion to pyruvate, or be
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phosphorylated by hexokinase (HXK) into gluc@sphosphate for reentry into starch
synthesis pathway (77) (Figure 2.11). The phosphorolytic pathway enzy@&\VD
phosphorylates starch prior to degradation byMB#to maltose which is exported via the
plastidial transporter MEX1 into the cytosol (78). The fact that Eheviridis cells
accumulated starch when grown under LL implies that starch biosynthesis occurs during the
light period. In order to accumulatégetrate of starch degradation must be lower than the rate
of synthesis. This is not reflected in the changes in transcript levels of both degradation
pathwaysi phosphorolytic (:GWD) and hydrolytic enzymes¥AMY and O 1,6G) as well

as DPE1 (Figure 2.11)Despite the loss of diurnal variation, transcript levels for the

degrading enzymes were higher under LL compared to LD.

Effects of light duration and temperature on de novo FA synthesis

The three major lipid fractions (TAG, polar membrane lipids, FFAuawilated when cells

were grown at 35°C compared to 25°C under LL (Figures 2.5A and 2.7, Figure A.7).
Because FAs are the building blocks of the different lipid fractions, an increase in total lipids
requires an increase in FA synthesis or a decreaseinth c at a b o-Oxidationpr oc e s ¢
We identified the transcripts coding for the enzymes of the FA synthesis pathway, the
prokaryotic and eukaryotic lipid biosynthesis pathways, as well as those for lipid and fatty

acid catabolism (Figure A.11H). ACCaseis a key regulatory enzyme controlling the first
committed step of plant FA synthesis (79). The transcript levels of the four ACCase subunits:

Alphac ar boxyl transCTg Betxar bokyhit aftCTe Biatime subt
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carboxylase subunit ) and Biotin carboxyl carrier protein subunit (BCCP)Gnviridis

were under diurnal control with higher levels observed mostly degulated in response to

heat (Figure 2.9 and Figure A.11G). A similar expression pattern was observed in
Chlamydomonaander Ndeprivation; although TAG accumulated, the transcript abundances
of most of the genes in thée novofatty acid synthesis pathway (ACCase subunits in
particular) were dowanegulated (80).

Many biochemical pathways are controlled by a feedback meshavhere the end product
inhibits the activity of the regulatory enzyme which is often the first committed step of the
pathway. In oilseed plants, there is evidence for feedback regulation of plastidic ACCase by
18:1- acylcarrier protein (C18-ACP) (8]). Additionally in tobacco, ACCase protein levels

did not change during the feedback inhibition, indicating that inhibition of FA synthesis
occurred through biochemical or posttranslational modification of ACCase (82). Based on
our transcriptome data, thenscript abundance of the FAT that releases ACP from 16:0
ACP, 18:0ACP or 18:1ACP to yield FFAs is upegulated under high temperature
conditions (Figure 2.9). We hypothesize that the increased FAT under higher temperature,
would lead to the significandecrease in the pool of aekCP in the plastid, thereby
releasing the negative feedback regulation on ACCase. This may lead to increased flux
through ACCase and explains the increased contribution of more FAs to total lipids under
higher temperature. @vexpression of a thioesterase genBhaeodactylum tricornutured

to an increase in total FA content by 72% while the FA composition did not change (83).

FAB2-2 also showed increased expression at higher temperature (Figure 2.9), which could
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provide ircreased amounts of 18:1, a precursor of polyunsaturated FAs.

Mechanism of TAG accumulation under heat stress anth response tdight duration

TAG biosynthesis through the acylCoA dependent (Kennedy) pathway

TAG is the most important lipid for biofuel production (13). We observed a more than 15
fold increase in cellular TAG content when the cells were grown at 35°C under LL (Figure
2.5A). GPAT and LPAT which form PA are common to both the-&oA dependent a&h
acytCoA independent pathways. Transcript levels of both enzymes showed strong diurnal
variation to LD but were expressed at a constant medium level during LL and were down
regulated at 35°C (Figure 2.10 and Figure A.11L). DGATSs, the main enzymes ac\the

CoA dependent TAG synthesis pathway (Figure 2.10), are responsible for TAG formation by
addition of an acylCoA to thesn-3 position of the glycerol backbone. The majorities of algal
species encode at least one type 1 DGAT (DGAT1) and encodes muyppl€ DGATsS
(DGGT) (84). InChlamydomonaghere are 5 typ@ DGATs:DGTTLEDGTT5andDGTT1

have been shown to be-upgulated in response to-dtarvation as is DGAT1 (31, 80). We
found two DGAT1 gene and DGTT genes inD. viridis based on sequence siarity to
Chlamydomonagroteins, which were differentially regulated at 35°C (Figure 2.10 and
Figure A.11L). The twoDGAT1 genes had opposite patterof regulation. DGAT1
(transcript 6208) was dowregulated 6 hours after the temperature switch to 35°C, but then
was upregulated at the higher temperature whef@@RAT1 (transcript 3780) was initially

up-regulated after the temperature shift to 35°C and then degudated 840 and 54 hrs
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(Figure 2.10 and Table A.7A). One of tlESTT genes (transcript 9514) had slight-up
regulation with increasing time in response to higher temperatur€hliorella vulgaris,

DGAT had the largest increase in abundance of all analyzed @dtem the FA and TAG
biosynthesis pathway under-déprivation (85). We hypothesize that either the enzymes of
the acylCoA dependent pathway for TAG synthesis are not transcriptionally regulaied in
viridis, or the pathway is not uggulated under higkemperature and thus the aGbA
dependent TAG synthesis pathway does not have a major role in TAG accumulation under

high temperature.

TAG biosynthesis through membrane lipid recycling of fatty acids

When considering TAG synthesis through the #@gA independent pathway (Figure 2.10),

we need to consider the recycling of the chloroplast membrane lipids for TAG forn#stion.
higher temperature, all enzymes involved in membrane lipid formation weregufated
except for sulfoquinovosyldiacylglycerol (8Q) and MGD1 (Figure 2.10). At 25°C,
MGDG is the second most abundant chloroplast membrane lipid after DGDG, but upon
growth at 35°C its content more than doubles and it becomes the most abundant membrane
lipid (Figure 2.7). The accumulation of MGDG at 85and the dowamnegulation of the
MGD1 gene suggest this process is either not transcriptionally regulated, but alternatively
regulated, or an unknown enzyme/pathway for the biosynthesis of MGDG exifis in
viridis. In Arabidopsis,MGD1 is posttranscriptonally regulated by PA and PG (86). At
35°C, increases in both PA and PG (Table A.1), suggest a possibility for the post

transcriptional control of MGD1 activity iB. viridis. In ChlamydomongsPDAT and PGD1
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were found to be important in membrane lipidyaing for TAG accumulation (31, 34, 80).
Under Nstarvation inChlamydomongsPDATL1 is a protein found in purified lipid bodies
(87), although its expression for TAG accumulation is not cRRAT1was found to be up
regulated under Mtarvation (8Q) However it was also shown that if PDAT contributed
appreciably to the TAG formation under favorable growth conditions, its contribution under
N deprivation was minor (88)n D. viridis at 35°C,PDAT1is downregulated at aitime

points suggesting that its contribution to recycling of membrane lipids for TAG accumulation
is only minor unless the enzyme is not transcriptionally regulated (Figure PGO)1 was
up-regulated at 35°C (Figure 2.10), which is similar to TAG accumulation in
Chlamydomonasunder Ndeprivation (31, 34). Presumably, the mechanism of TAG
accumulation by membrane lipid recycling using PDAT1 and PGDL1 is similar for higher
temperature iD. viridis and br N-deprivation inChlamydomonas

In addition, lipases are thought to be involved in membrane lipid recycling. We found several
lipases highly upegulated at 35°C (Figure 2.10 and Figure A11.N), similar to lipases
upregulated by Pétarvation in other ghe for TAG accumulation (31, 89). Another enzyme
involved in membrane remodeling iArabidopsisunder freezing stress is galactolipid:
galactolipid galactosyltransfera@8GGT), which uses MGDG as both a donor and acceptor
molecule and forms DGDG and DA@S8). This enzyme was wggulated inD. viridis at

35°C (Figure 2.10). Based on our findings and insights from other research, we hypothesize
that TAG accumulation iD. viridis under heat stress could be mainly due to the membrane

lipid recycling of FAs.
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In summary, environmental conditions enabled the production of high levels of oil during
fast growth inD. viridis. The effects of eliminating the dark period in the growth cyclB.of

viridis resulted in a loss of cell cycle synchronicity and faster tiroates. The accumulation

of TAG and starch irD. viridis cells were apparently due to the lack of degradation that
usually occurs during the dark period. Temperature changes did not have any effect-on short
term growth rates, but did lead to increaseshiorophyll, starch and lipid content likely due

to higher photosynthesis rates under elevated temperature. The most interesting aspect was
that the effects of light duration and temperature increase were independent but additive with
respect to TAG accuafation. The higher temperature also increased the degree of saturation
in the TAG fatty acids. Saturated fatty acids in the TAG fraction are advantageous, because it
reduces the cost for hydrogenation during refining for fuel production. Transcriptome
andysis indicated that TAG accumulationh viridis under heat stress could be mainly due

to the membrane lipid recycling of FAs.
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Contribution

Dunaliella has many significant characteristics that make them well suited for biodiesel
production. Although, the high cost of producing biofuel using the oil extracted from
Dundiella hasprevented the widespread success of this technolcggaahmercial level. In
order to offset the costs associated with oil production, we planned to express extremophile
enzymes irDunaliellaas value added garoducts along with oil. For effient expression of
heterologous enzymes iBunaliella, codon optimization of the gene corresponding to
Dunaliellab s genome c¢ od o nFonthisssiydy] detsrmirree thaodon esage
bias of nuclear and chloroplast genomeDaihaliella using bioinformatics tools and found
that there wa a difference in the preference of synonymous codsage patterbbetween

the nuclear and chloroplast genorheompared the codon usage bias of highly expressing
nuclear gene sequences fr@msalinaand D. viridis, and found that the synonymous codon
usage bias ahe nuclear genomwas not species dependentDunaleilla. The codon usage
biasof the nuclear genongenerated in this studyas usedo optimize the coding sequences

of the heterologous genbefore transformation iBunaliella. This part of my studywill
contribute toimprove heterologous protein expressiorDianaliella, thereby increasing the

commercial value of this organismatindustrial level.
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Abstract

Dunaliella spp.is a marine ndroalga genera with great potential as a biofuel
feedstock because they grow fast and can accuntuigtdevels of triacylgycerides. In order
to achieve efficient expression of heterologous proteins along with oil production in
Dunaliella, codon optimizabn of the heterologous coding DNA sequences based on the host
genome is importanin this study,a detailed analysis afynonymous codon usage bias of
the nuclearand chloroplast genome ddunaliella was determined using frequency of
preferred codons nmt. A comparison of nuclear codon usage bias between specizs of
salina and D. viridis was performed using relative synonymous codon usage metric by
analyzing the codon usage of highly expressing nuclear candidate genes. Our results
indicated that theymonymous codon usage biastbé nuclear and chloroplast genosnaf
Dunaleilla completely matched with the codon bias ¢fie model green algae
Chlamydomonasin addition, synonymous codon usage biashefnuclear genoneein D.
salinaandD. viridis weresimilar andnot species dependent. However, a strong difference in
the codon usage pattern between the nuclear and chloroplast gendmesalina was
observed. We observed that the nuclear genonfguogliella had preferences for codons
ending with guanie or cytosine wheredhle chloroplast genome had preferences for codons
ending with adenine or uracilThis reflectedthe codonusage diversity observed within
genomesn Dunaliella. Codon usage analysis indicated the need for codon optimization of

enhancd green fluorescent prote{(egfp andthe Chromohalobacter salexigemisioesterase
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A (tesA genes but not fothe bleomycin(ble) gene based on the relative adaptiveness of

codon usage values for efficient heterologous expressiDnvimidis.

Introduction

A Codon is a sequence of three nucleotides that correspordpecific amino acid
or stop signal during protein synthestodon usage bias is the differenicethe freqency of
occurrence of synonymouw®dons coding for the same amino aicidhe coding DNA.A
clear peference in the usage of particular codons exists in many gendr#gs The
mechanism that indusecodon biasesvere not completely understood, although previous
studies have attributed codon usage to translational selaotupational bias and dri(6-8).
In prokaryotes and unicellular eukaryotes such as yeast, the differences in the codon usage
within a genome was thought to be caused lisanslational selectiomo optimize protein
production(9). Sequence based analysisshown that organisms with biased geneimave
positive correlatioa between the most fogeiently occurring codons and thewmrresponding
genomic tRNA pook10-13). As a result, translational rates meefaster, more accuratedan
translational selection a expected to be stronger in highly expressed genes. Direct
molecular manipulation of the human coding sequences to utilize the most abundant tRNAs
in the E. coli host genome has been shown to have effect on increasing the protein content
(14, 15) Therebre translational selection playesh important factor in shaping the codon

usage of the genon(&6). In multicellular eukaryotic organisms, codon optimization due to
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translational selection wsanormally absent and codon usage pezfees wee mostly
detemined by the mutational biases in that particular gen@n@, 17)

In order to determine the bias present within and between species, a number of metrics have
been developed. The codon biases within the gensasdetermined by calculating the
frequencyof preferred codons (FOP) metrit0) and the synonymous codon usageler

metric (18). In order tocompare the codon biases between species, the relative synonymous
codon usage (RSCU) and the codon adaptation index (CAl) were developed in which codon
usage frequenciegithin highly expressed genes wespecificallyexamined4, 19, 20)

Dunaliella spp.is a marine microalga genera with great potential as a biofuel feedstock
because they grow fast and can accumuiah levels of triacylgyceride@1). Expressing

value added cproducts along with oil ilbunaleilla will offset the costs associated witie

oil production. Codon optimization of the heterologous genes based on codon uiage of
Dunaliella genome wa required for efficient protein expression. To take full advantage of
Dunaliella for biofuel development and/or for expressing-products by genetic
engineering, a knowledge of its codon usagses is critical. Codon usage sv@ane of the
fundamental genetic features Dunalidla which remainedunknown due to the lack of
genomic sequence information for many of its speciéhe objective of tki study wa to
determine the codon usage bias in the nuclear and chloroplast gen@neabéilla. We
analyzed the codon usage bias within nuclear and chloroplast genomesalina using
sequences retrieved from genbanktihy FOP method. Comparison oficlear codon usage

bias betweelD. salinaandD. viridis was performed by the RSCU method using the highly
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expressed genes retrieved from genbank amdtranscriptome data set. The generated
nuclear codon usage bias was used for the codon optimizattbe beterologous genes for
expression irbunaleilla. This study will provide a comprehensive look at how codon usage
has been shaped over evolutionary time within and between spe@emalkilla and also

with other green algae.

M aterials and methods

Sequence data collection

From Genbank

Initially due to the lack of transcriptome data faunaliella, we collecéd the top hundred
highly expressed nuclear genes frahe Solanum lycopersicunmicroarray data The
microarray datawas accessedusing the prbe set ID (Les.4345.2.Al a atjrom
www.affymetrix.com/estoreThe highly expressed nuclegene sequencesbtained from
Solanum lycopersicurfdata not shown) were used to retrieve the homologs for those genes
in D. salinaCCAP 19/18 The homology searchas performed usinBasic Local Alignment
Search Tool (BLASTnavailable atNational Centefor Biotechnology InformatioiNCBI).

The highly expressedenesobtained fronmD. salina CCAP 19/18 by homology searetas
usedfor calculating the codon usage bialsthe nuclear genomeThe mMRNAs sequences

from 64 chloroplast encoding geneshfsalina CCAP 19/18 wereollected to calculate the
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codon usage bias difie chloroplast genome. The codon usage table obtained usindgathis

has been publishg@2).

From transcriptome dataset

We had the transcriptome information Df viridis dumsii obtained from thesequencing
effort as mentioned in chapterahd fromthe oneKP project(23-25). All loci sequenceare
availableat NCBFGEO (GSE40997). We colleced the sequences of thdoci representing
highly expressing nuclear genesfviridis, when grown under standard conditions of 12

hour light: 12 hour dark at 25°C.

Identification of open reading frame

Sequences of those genebtained either from genbank or trariptome data were
individually fed into the open reading frame finderlt publically available at NCBI
(http://www.ncbi.nlm.nih.gov/projects/gorfIhe longest open reading frame was determined

for each sequence and the untranslated portions were manually removed and only the coding

sequences of each gene were used for codon usage analysis.

Construction of synonymous codon usage table

The coding sequenc@sthe FASTA formatvere given as inpunto thepublically available
CAlcal server(26) for determining the synonymous codon usage against the standard genetic

code. The frequency usage of synonymous esdege tabulated for each gene and the total
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frequency usage of each synonymous codonslfadhe genes tested were calculatesihg
the FOP method10). For each amino acid, the synonymous codon withhigbest total
frequency wasttributed a value of one and designatedreaminoacidmaximum. The other
synonymousodons hava ratio depiting their relative use compared to the most frequently

used codomising theRSCU method4, 19, 20)

Codon usage analysis of heterologous genes

The bleomycin Ifle) gene ofStreptoalloteichus hindustanughich confers resistance to the
antibiotic zeocinwas obtained(Invitrogen, catalog # porf3sh). The enhanced green
fluorescent proteinegfp gene of jellyfishAequorea victoriaengineered in the plasmid
pPpEGFPN1 was obtained from the Dept. of Biotechnold¢rth Carolina State University

The thioestaase gene t¢sA of a halophilic bacteriaChromohalobacter salexigens
engineered in the plasmid pEQ1 with substrate affinities to produce short chain fatty acids
was obtaned from Dr . A mbept. GFrPlamt dnel Mizrsbiall BaolbgyNorth
Carolina $ate University The coding sequences ble, egfp and tesA (Figure 3.} were

given as input into theublically availablegraphical codon usage analyser t¢av), to
determine the relative adaptiveness of each codon against the synonymetass codon

usage generated usiby viridis transcriptome data set.
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A. ble coding sequence

5’ ATGGCCARGTTGACCAGT GCCGTTCCGGTGCTCACCGLGCGCGRACGTCGCCGGRAGUGETUGAGTTCTGGACCE
BCCGGCTCGGEGTTCTCCCGGEACTTCGTGEAGEACGRACTTCGCCGET GTGETCCGGGACGACGTGACCCTGTTCA
TCAGCGCGGTCCAGGACCAGGTGETGCCGGACARCACCCTGGCCTEGETGTGEETGC G GELC TEEACGAGCTGT
ACGCCGRGTGGTCGGAGGTCGTGTCCACGRACTTCCGGGACGCCTCCGEGLCGGCCATGACCGAGATCGGCGAGT
BGCCGTGGGGEGELGEGAGTTCGCCCTGCGUGACTCGECCGECARACTGCGTGCACTTCGTGGCCGAGGAGCAGEACT
GA3’

B. egfp coding sequence

5’ ATGGTGAGCAAGGGCGAGGAGC TETTCACCEGGETGETGCCCATCCTGGTCGAGC TEEACGGCGACGTARACG
GCCACRAGTTCAGCGTGTCCGGGAGEGCGAGEGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCR
CCACCGGCARGCTGCCCGTGCCCTGECCCACCCTCGTGACCACCCTGACC TACGGLGTGCAGTGCTTCAGCCGLT
ACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGRAGGCTACGTCCAGGRAGCGCACCATCT
TCTTCAAGGACGACGGCARACTACAAGACCCGCGCCGAGETGRAGTTCGAGGECGACACCCTGGTGRACCGCATCG
AGCTGRAGGECATCGACTTCARGGAGGACGGCARCATCCTGEGGCACARGCTGGAGTACARACTACARACAGCCACE
ACGTCTATATCATGGCCGACARGCAGRAAGEACGECATCARGGTGAACTTCARGATCCGC CACARACATCGAGGACE
GCRAGCGTGCAGCTCGCCGACCACTACCAGCAGRACACCCCCATCGGCGRACGGCCCCGTGCTGCTGCCCGACRACT
ACTACCTGAGCACCCAGTCCGCCCTGAGCARAGACCCCAACGAGRAGCGCGATCACATGETCCTGCTGGAGTTCG
TGACCGCCGCCGEEATCACTCTCGGCATGGACGAGCTGTACRAGTARS”

C. TesA coding sequence

5’ ATGRAACATCACCATCACCATCACCAGCTGCATGCAATGEGGCCCGTCGCGRATGTCCATGCCGATACGTTGT
TGATCGTCGGCGACAGCCTCAGCGCEECTCACGGECAT CGARCGCGAGGLCGECTGEETCEUECTGTTGCGCEAGT
GCGTGGGECGATGLGCATGAAGTGGTCARTGCCAGCAT CAGCGGCGACACCACCTCGGECGGELGCGECACGCCTGT
CCGATCTGCTCGAGCGCCATTCTCCCGACATCETCCTCCTCGAGC TGGECGGCARCGACGGLUCTGCGCGGRCTAT
CGCCGCAGCRRATGAAGCTCAATTTGC GCACGATGAT CGARRRAAGCCAAGCCGCCGACGCCCGTGTGCTTCTGT
TCGGCATCGAGATTCCCCCCARCTATGGCGCCECCTATACCGATGCCTTCCGCGECGTCTTTCGTCARCTCAGLSE
BAGRATACGCGGTGCCGCTEETGCCCTTCATCCTCGACGECGTCGCCTTGCAGGACGACATGATGCAAGAGGACE
GCATTCACCCCAACGCCGCTGCCCAGCCCACCATCCTCGACRATGTCTGGGAGRRGCTGGETCCCATGCTGTCGT
GGGACACCGACCGGARCGRATGAS'

Figure 3.1 Coding sequences oble (A), egfp (B) and tesA(C) heterologous genes used for codon usage
analysis.The start and stop codons were representdublas Underlined region denoteékle DAPase cleatde
N-terminal HistidineTag in C).
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Results

Synonymous codon usage bias of highly expressed genes ftbmnuclear genome is not

species dependent iDunaliella

The information of genes used in this study for codon usage analyBianaieilla was

obtained from genbank atide D. viridis transcrigome dataset and are providdable 3.1).

Table 3.1. Information for the genes usedor codon usage analysis iDunaliella. (A) Represents coding
sequences (CDS) of nuclear gene®ahaliella salinaobtained from NCBI by using highly expressed nuclear
genes fromS. lycopersicummicroarray data. (B) Represents CDS of transcripts encbgeticlear genome
collected fromD. viridis transcriptome data set. (C) Represents CDS of chloroplast genome encoding genes in

Dunaliella salinaobtained from NCBI.

A

Gene ID Gene description (symbol) CDS length
EF030487.1| Major light-harvestingchlorophyll a/b protein 3 (Lhci8) mRNA 786
AY739272.1 Ribulosel,5-bisphosphate carboxylase/oxygenase small subun 573
(rbcS) mRNA

AF329673.2 | Fructosebisphosphate aldolase isoenzyme 1 mRNA 1137
AY154388.1| Transferrinlike protein IDF100 (idi100) mMRNA 2727
GU002366.1| Phosphoglucomutase 1 (PGM1) mRNA 1815
M23531.1 Major chlorophyll binding protein mRNA 822
GQ923693.1) Phytoene desaturase (PDS) mRNA 1749
EU447774.1| Glyceraldehyde-phosphatelehydrogenase (GAPDH) mRNA 1131
AY965258.1| Tidi mMRNA, nuclear gene for chloroplast product 1053
U62865.1 Calmodulinlike protein (DSCLP) mRNA 495
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Table 3.1Continued

Locus ID Description CDS Length
11035 cfl alpha subunit of ATBynthase 3975
36 Major light-harvesting chlorophyll a b protein 1253
6149 p700 apoprotein al of photosystem i 2754
100 Ribulose -bisphosphate carboxylase oxygenase small subur 1967
76 Chlorophyll ab binding protein of Ihcii 1718
407 Fructose -bisphosphataldolase 1482
85 Heatshock inducible hsp70 2634
206 Glyceraldehydes-phosphate dehydrogenase 2325
912 Beta tubulin 1130
568 Flavodoxin 1192
434 Alpha tubulin 1 2520
2256 Early light induced chloroplast precursor 1046
144 phosphoglycerate kinase 1662
19 Phosphoribulokinase 2164
527 Sodium phosphate symporter 1571
Gene ID Gene description (symbol ) CDS length
11541818 Ribosomal protein L16 (rpL16) 414
11541827 Ribosomal protein L14 (rpL14) 360
11541830 Ribosomal protein L15 (rpL15) 546
11541833 Ribosomal protein S8 (rpS8) 435
11541842 | Cytochrome b6/f complex subunit getD) 483
11541844 Beta subunit of RNA polymeraggpoC1) 5412
11541730 Elongation factor Tu (tufa) 1257
11541845 | Cytochrome b6 (petB) 648
11541734 Ribosomal protein S12 (rpS12) 390
11541735 Photosystem | subunit IX (psaJ) 126
11541736 ATPase IV subunit; ATP synthase CFO A chain (atpl) 720
Light-independent protochlorophyllide reductase isoifer
11541739 ATP-binding protein (chlL) 876
11541743 ATP-dependent CIP protease proteolytic subunit (clpP) 1584
11541745 Subunit VI of cytochrome b6/f complex (petL) 99
11541746 Photoystem I irorsulfur center; 9 kDa protein (psaC) 246
11541748 Photosystem Il protein D2 (psbD) 1059
11541750 Ribosomal protein S4 (rpS4) 759
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Table 3.1.C Continued

11541759 ATPase alpha subunit (atpA) 1515
11541762 Hemebinding protein (cemA) 1785
11541763 Ribosomal protein L23 (rpL23) 351
11541764 Ribosomal protein L12 (rpL12) 828
11541765 Ribosomal protein S19 (rpS19) 279
11541766 ATP synthase CF1 beta subunit (atpB) 1443
Light-independent protochlorophyllide reductase subunit B
11541774 (chiB) 1601
11541782 ATPase Il subunit; ATP synthase CFO C chain (atpH) 249
11541783 ATP synthase CFO B subunit (atpF) 525
11541786 Ribosomal protein S11 (rpS11) 3903
11541787 Photosystem | P700 chlorophyll a apoprotein A2 (psaB) 2208
11541789 Cytochrome c biogenesis protein (ccsA) 1194
11541790 Photosystem Il reaction center Z protein (psbZ) 189
11541791 M proteinof photosystem Il (psbM) 114
11541792 Ribosomal proteirs14 (rpS14) 303
11541793 Ribosomal protein S7 (rpS7) 507
11541794 ATP synthase epsilon chain (atpE) 408
11541795 RuBisCO (rbcL) 1428
11541797 Hypothetical chloroplast RF3 (ycf3) 516
11541798 Photosystem | assembly protein (ycf4) 663
11541799 Ribosomal protein S9 (rpS9) 591
11541800 Cytochrome b559 alpha subunit (psbE) 249
Photosystem Il reaction center protein H; photsystem Il
11541803 phosphoprotein (psbH) 252
11541804 Photosystem Il protein N (psbN) 135
Photosystem Il P680 chlorophyll A apoprotein; PSII 47 kDa
11541806 protein (psbB) 1527
11541808 Ribosomal protein S2 (rpS2) 2637
11541809 Ribosomal protein S18 (rpS18) 423
11541810 Photosystem Il protein D1 (psbA) 1059
11541820 Alpha subunit of RNA polymerase (rpoA) 1644
Light-independent protochlorophyllide reductase subunit N
11541825 (chIN) 1578
11541824 Beta subunit of RNA polymerase fragment 2 (rpoBb) 2775
11541823 Beta subunit of RNA polymerase fragment 1 (rpoBa) 2751
11541822 Photosystem Il protein VI (psbF) 135
11541826 Photosystem Il protein L (psbL) 117
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Table 3.1.C Continued

11541828 Cytochrome b6/f complex subunit (getG) 114
11541829 Ribosomal protein S3 (rpS3) 2121
11541832 Beta subunit of RNA polymerase (rpoC2) 8046
11541812 Hypothetical chloroplast protein RF1 (Ycfl) 7179
11541732 Ribosomal protein L36 (rpL36) 114
11541727 Photosystem (psbJ) 129
11541754 Ribosomal protein L 20 (rpL20) 339
11541756 Photosystem Il protein K (psbK) 141
11541761 Photosystem Il protein | (psbl) 114
11541805 Photosystem Il protein T (psbT) 351
11541817 Hypothetical chloroplast RF12 (ycfl2) 102
11541793 Ribosomal protein S7 (rpS7) 507
11541841 Photosystem | P700 chlorophyll a apoprotein Al (psaA) 2256

The synonymous codon usage bias generated using the representative highly expressed
nuclear coding DNA sequences reted from genbank igrovided(Table 3.2) and from the
trancriptomedataset iprovided(Table 3.3).The representative highly expressing nuclear
gene candidates obtained from genbank were sequences derivdd. fsatima CCAP 19/18

(Table 3.1) and from the transcriptome data set were sequences derived.frondis

(Tade 3.2).The synonymous codon usage bias generated usirgptiveg DNA sequences

of the chloroplast genomef D. salinaCCAP 19/18 iprovided Table 3.4). A codon usage

bias normalized tanamino acid maximum calculated from highly expressed nucleasgen
obtained eitherfrom genbank orthe transcriptome data set @. viridis had identical
synonymous codon usage for all amino acids except for serine (Table 3.5). The codon AGC

coding forthe amino acid serine has a codon bias normalizegntamino acidmaximum
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value of 1when highly expressed nuclear genes from genbesds used for analysis,
whereas the synonymous codon T@dgling for the same amino acid serires a codon bias
normalized teanamino acid maximum value of 1 when highly expressed nugkass from

the D. viridis transcriptomedata set was used (Table 3.5). Howevee, codon usage bias
values didnhot have @igger difference, since the codon AGC had a codon bias normalized to
an amino acid maximunof 0.83 when codon usage bias was catedausing the highly
expressed nuclear gene sequences ftbenD. viridis transcriptomedata set and the
synonymous codon TCC had a codon bias normalizeoh tamino acid maximum value of
0.92 whenthe codon usage bias was calculated using the highly sg@denuclear gene
sequences from genbank (Table 3.5). Therefore, either ofyttumgmous codons AGC or
TCC couldbe chosen to code for serine during the codon optimization of the heterologous
genes for nuclear expressionDunaliella.

Codon usage analysis results indicated that the synonymous codon usagetb&suidear
genome wa predicted to be the same irrespective of specieBuofaliella, atleast the
statement seems true, when considered in the cd3esafinaandD. viridis. However, one
could validate if the codon usage bias tloe nuclear genome ithe same among species of
Dunaliella, by including more species for comparison and also by using the same set of
highly expressing genes for codon usage analysis across spéom@n usage analysis
indicated the exclusive use of stop codon TAA by highly expressing gerieanaliella

salina (Table 3.2), whereas there wagual usage of all thre¢op codons (TAA, TAG and

TGA) in highly  expressing genes of D.  viridis (Table 3.3)
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Table 3.2. Frequency of synonymous codon usage analysis of geneB.afalina obtained from NCBI by using highly expressed nuclear genes from
the S.lycopersicummicroarray data. For more information on gene descrips@ee Table 3.1.A. * denotes theags ofa particular stop codon.

Frequency of codons used
Total Codon Bias
frequency of normalized to an
Amino codons used by amino acid
acids Codons EF030487.1 AY739272.1 | AF329673.2 | AY154388.1 GU002366.1 | M23531.1 GQ923693.1 EU447774.1 | AY965258.1 U62865.1 all genes maximum
Methionine
(Start) ATG 5 6 13 15 19 5 22 11 9 9 114
Alanine GCT 10 4 15 33 8 14 21 17 10 1 133 0.74
Alanine GCC 17 12 20 17 42 13 24 27 5 3 180 1.00
Alanine GCA 3 0 3 24 6 4 12 0 19 6 77 0.43
Alanine GCG 0 4 4 12 7 1 5 2 5 5 45 0.25
Valine GTT 2 0 0 12 4 1 1 7 2 1 30 0.18
Valine GTC 4 2 2 5 7 7 13 10 4 4 58 0.35
Valine GTA 0 0 1 8 4 1 1 1 1 1 18 0.11
Valine GTG 10 14 20 34 21 3 26 28 7 4 167 1.00
Leucine TTA 0 0 0 2 0 1 0 0 0 0 3 0.02
Leucine TTG 2 1 0 13 5 1 6 1 7 6 42 0.21
Leucine CTT 0 0 0 7 3 0 3 2 4 1 20 0.10
Leucine CTC 0 1 0 11 11 2 7 1 4 2 39 0.20
Leucine CTA 1 0 0 5 2 2 2 0 4 1 17 0.09
Leucine CTG 21 7 34 21 21 21 33 24 15 3 200 1.00
Isoleucine ATT 3 2 6 13 5 2 9 5 3 2 50 0.44
Isoleucine ATC 9 6 10 15 28 7 19 9 7 3 113 1.00
Isoleucine ATA 0 0 0 2 0 0 0 0 0 1 3 0.03
Phenyl
alanine TTT 2 2 0 21 12 2 9 2 5 6 61 0.52
Phenyl
alanine TTC 14 6 9 14 20 11 18 9 13 3 117 1.00
Tryptophan TGG 4 4 5 9 5 3 11 5 6 0 52 1.00
Proline CCT 5 2 12 13 10 6 6 2 11 4 71 0.69
Proline CCC 14 11 9 4 16 10 17 11 9 2 103 1.00
Proline CCA 2 1 1 5 5 2 7 1 15 0 39 0.38
Proline CCG 0 2 0 4 0 1 2 0 2 0 11 0.11
Aspartic
acid GAT 3 0 5 41 7 7 16 8 3 5 95 0.63
Aspartic
acid GAC 10 7 9 37 30 9 13 16 8 12 151 1.00
Glutamic
acid GAA 0 0 0 32 5 2 2 1 6 3 51 0.27
Glutamic
acid GAG 12 6 27 25 23 16 36 12 14 19 190 1.00
Glycine GGT 12 0 4 20 13 12 9 9 6 1 86 0.45
Glycine GGC 16 7 27 24 40 19 18 20 15 5 191 1.00
Glycine GGA 2 0 1 23 3 0 6 0 3 2 40 0.21
Glycine GGG 0 0 0 21 5 0 2 0 7 3 38 0.20
Serine TCT 3 3 5 8 4 2 5 6 4 1 41 0.53
Serine TCC 5 5 11 8 15 5 9 7 7 0 72 0.92
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Table 3.2 Continued

Serine TCA 0 1 0 12 3 0 8 1 2 2 29 0.37
Serine TCG 0 0 0 3 3 0 1 0 0 0 7 0.09
Serine AGT 0 0 0 7 1 1 3 0 2 1 15 0.19
Serine AGC 4 2 8 25 15 4 11 4 5 0 78 1.00
Threonine ACT 2 0 5 25 5 1 9 6 7 2 62 0.53
Threonine ACC 12 10 11 22 22 11 6 17 4 2 117 1.00
Threonine ACA 1 1 1 15 2 2 8 2 6 3 41 0.35
Threonine ACG 0 1 0 3 2 0 3 1 0 3 13 0.11
Cysteine TGT 0 0 0 10 0 0 0 0 0 0 10 0.20
Cysteine TGC 1 5 4 23 6 4 3 5 0 0 51 1.00
Tyrosine TAT 1 1 0 15 4 2 4 1 2 1 31 0.37
Tyrosine TAC 5 9 12 17 12 6 11 5 6 0 83 1.00
Asparagine AAT 0 0 0 13 3 1 6 2 5 1 31 0.23
Asparagine | AAC 10 11 19 18 24 12 13 16 6 7 136 1.00
Glutamine CAA 0 1 1 16 5 4 6 0 5 5 43 0.30
Glutamine CAG 9 12 18 19 16 7 27 11 22 2 143 1.00
Lysine AAA 0 1 0 14 3 1 2 1 3 1 26 0.13
Lysine AAG 12 9 19 28 41 13 33 27 16 8 206 1.00
Arginine CGT 2 0 3 7 2 3 3 6 3 2 31 0.37
Arginine CGC 4 10 15 15 12 4 11 8 4 0 83 1.00
Arginine CGA 0 0 0 4 2 0 3 0 2 1 12 0.14
Arginine CGG 1 1 0 14 2 0 2 0 2 1 23 0.28
Arginine AGA 0 0 0 5 0 0 2 0 1 2 10 0.12
Arginine AGG 3 0 6 9 5 0 8 3 1 0 35 0.42
Histidine CAT 0 0 0 3 1 0 2 1 2 1 10 0.24
Histidine CAC 3 0 3 8 7 5 7 5 4 0 42 1.00
STOP TAA * * * * * * *
STOP TAG * *
STOP TGA *
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Table 3.3. Frequency of synonymous codon usage analysis of transcripts encodedhsnuclear genome collected fronthe D. viridis transcriptome.

For more information on gene descrips@ee Table 3.1.B. * denotes the usaga dirticular stop codon.

Codon Bias
Total frequency of normalized to an
Amino Codo Locusl Locus Locus6 Locus Locus Locus Locus Locus Locus Locus Locus Locus Locus Locus Locus codons used by all amino acid
acids ns 1035 36 149 76 407 85 912 568 434 2256 144 19 527 100 206 genes maximum
Methionine
(Start) ATG 19 2 12 5 12 7 6 5 3 4 13 12 8 3 6 117 1.00
Alanine GCT 13 0 24 5 6 18 0 8 4 3 9 2 8 4 3 107 0.61
Alanine GCC 6 3 4 8 30 20 3 14 18 2 36 7 19 0 5 175 1
Alanine GCA 7 4 5 8 0 5 2 3 10 9 3 2 1 3 10 72 0.41
Alanine GCG 6 4 10 4 7 1 3 0 10 3 5 6 4 1 4 68 0.39
Valine GTT 10 6 15 5 1 3 0 0 11 1 1 0 1 4 0 58 0.39
Valine GTC 10 5 7 4 1 5 4 4 11 1 5 3 5 2 2 69 0.47
Valine GTA 10 1 5 0 0 1 0 0 15 2 0 0 0 0 0 34 0.23
Valine GTG 2 2 4 9 20 21 6 7 8 3 35 9 17 1 4 148 1.00
Leucine TTA 26 1 11 2 0 0 1 0 1 0 0 0 0 0 0 42 0.24
Leucine TTG 5 3 3 2 2 0 4 2 2 2 1 2 0 5 6 39 0.22
Leucine CTT 14 5 27 7 0 3 0 0 15 0 0 0 1 1 0 73 0.41
Leucine CTC 2 5 3 5 0 1 0 1 25 0 0 1 5 4 2 54 0.30
Leucine CTA 12 1 7 3 0 2 0 0 1 0 1 0 0 1 0 28 0.16
Leucine CTG 2 3 6 9 28 23 2 14 10 3 41 16 21 1 0 179 1.00
Isoleucine ATT 20 1 19 3 1 5 0 4 1 2 0 4 7 2 0 69 0.56
Isoleucine ATC 26 3 11 12 11 8 3 5 6 7 15 4 11 1 0 123 1.00
Isoleucine ATA 8 0 4 2 0 0 0 0 1 1 0 1 0 0 0 17 0.14
Phenyl
alanine TTT 17 3 13 4 1 0 0 1 0 0 2 1 3 0 0 45 0.42
Phenyl
alanine TTC 20 1 16 8 5 17 5 3 1 2 13 4 10 0 3 108 1
Tryptophan TGG 12 3 14 6 5 7 5 4 1 0 2 6 6 4 7 82 1
Proline CCT 14 1 17 8 0 5 0 3 0 1 1 3 1 1 2 57 0.648
Proline CCcC 3 0 2 7 17 12 0 6 0 4 14 13 5 1 4 88 1
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Table 3.3 Continued

Proline CCA 9 1 5 4 1 5 1 3 0 5 3 6 55 0.625
Proline CCG 2 0 3 2 0 2 0 1 0 1 0 0 17 0.193
Aspartic
acid GAT 20 1 19 6 1 9 5 15 4 1 6 1 88 0.688
Aspartic
acid GAC 15 4 12 10 12 16 11 6 21 10 5 2 128 1
Glutamic
acid GAA 30 8 18 7 0 3 0 12 0 0 1 0 82 0.562
Glutamic
acid GAG 8 4 9 12 23 23 15 1 28 5 8 3 146 1
Glycine GGT 13 5 22 5 0 13 2 14 8 4 8 3 100 0.581
Glycine GGC 7 6 5 10 27 11 14 23 32 8 16 4 172 1
Glycine GGA 6 7 6 5 1 9 4 17 0 1 3 1 67 0.39
Glycine GGG 5 10 4 4 0 4 0 12 0 0 1 6 57 0.331
Serine TCT 6 0 19 4 2 5 0 0 1 4 7 2 56 0.596
Serine TCC 5 2 7 4 15 14 6 4 20 5 3 2 94 1
Serine TCA 10 0 7 5 0 0 1 1 1 3 1 10 48 0.511
Serine TCG 8 0 5 0 0 1 0 1 0 1 1 3 26 0.277
Serine AGT 7 3 10 3 0 0 0 4 0 3 0 1 38 0.404
Serine AGC 4 5 3 10 5 4 5 8 2 10 4 2 78 0.83
Threonine ACT 13 1 16 3 1 1 1 1 3 5 5 1 52 0.452
Threonine ACC 6 5 2 1 17 15 10 9 21 11 8 5 115 1
Threonine ACA 13 4 3 7 0 1 1 1 0 2 4 3 45 0.391
Threonine ACG 10 1 6 3 0 0 0 5 1 4 2 2 38 0.33
Cysteine TGT 9 1 6 5 0 5 0 0 0 0 1 2 30 0.517
Cysteine TGC 2 5 4 7 6 7 4 1 3 3 4 3 58 1
Tyrosine TAT 13 2 12 5 0 1 1 0 0 0 2 0 37 0.552
Tyrosine TAC 12 2 6 2 13 4 8 0 4 1 11 0 67 1
Asparagine AAT 24 6 13 3 0 0 0 0 0 0 1 0 49 0.48
Asparagine AAC 11 4 8 6 15 7 8 0 19 9 13 0 103 1
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Table 3.3 Continued

Glutamine CAA 10 10 7 0 13 0 0 0 1 52 0.403
Glutamine CAG 7 5 14 20 9 10 27 12 5 129 1
Lysine AAA 55 37 4 0 0 1 1 0 0 102 0.554
Lysine AAG 16 25 7 20 23 14 1 41 10 184 1
Arginine CGT 9 27 0 1 10 2 0 4 0 60 0.652
Arginine CGC 4 13 9 13 16 3 1 11 9 92 1
Arginine CGA 5 6 5 0 8 0 0 0 1 32 0.348
Arginine CGG 0 0 4 0 4 1 4 0 0 19 0.207
Arginine AGA 34 11 0 0 2 0 7 0 6 70 0.761
Arginine AGG 5 4 3 2 1 2 6 1 6 57 0.62
Histidine CAT 12 10 4 0 7 0 8 0 2 54 0.73
Histidine CAC 8 6 3 2 10 1 22 5 1 74 1
TAA
TAG
Stop TGA
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Table 3.4. Frequency of synonymous codon usage analysis of chloroplast encoded gengs sélina obtained from NCBI. For more information on
gene descriptiansee Table 3.1.C. * denotes the usage mdrticular stop codon.

Amino &cids Codons Frequency of codons used
11541818| 11541827| 11541830| 11541833| 11541842| 11541844 | 11541730| 11541845| 11541734| 11541735

Methionine (Start)| ATG 3 4 8 5 5 30 14 11 2 1
Alanine GCT 8 6 4 2 8 35 21 8 5 2
Alanine GCC 0 0 0 0 0 17 0 1 0 0
Alanine GCA 1 3 5 3 5 13 11 3 5 0
Alanine GCG 2 0 0 0 1 8 0 0 2 0
Valine GTT 5 7 4 3 6 36 21 16 4 3
Valine GTC 0 1 0 0 0 6 0 0 0 0
Valine GTA 3 3 5 3 9 20 18 7 7 0
Valine GTG 0 1 2 0 0 3 0 0 0 0
Leucine TTA 7 6 13 7 18 120 28 19 7 5
Leucine TTG 0 0 1 0 0 16 0 0 0 0
Leucine CTT 1 0 2 3 2 24 3 1 2 0
Leucine CTC 0 0 0 0 0 5 0 0 0 0
Leucine CTA 0 1 1 2 0 24 0 1 0 0
Leucine CTG 0 0 0 1 0 3 0 1 0 0
Isoleucine ATT 10 11 15 17 10 76 26 14 6 3
Isoleucine ATC 1 2 1 1 2 12 3 1 0 0
Isoleucine ATA 1 0 0 2 0 48 0 1 1 0
Phenyl alanine TTT 5 4 6 3 5 70 6 4 0 5
Phenyl alanine | TTC 0 0 2 0 7 20 4 11 1 1
Tryptophan TGG 3 0 0 1 3 13 1 6 0 1
Proline ccT 2 2 4 2 8 39 9 6 2 1
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Table 3.4Continued

Proline cce 0 0 0 0 0 9 0 0 0 0
Proline CCA 6 3 3 2 8 16 8 4 4 2
Proline CcCG 0 1 0 0 1 6 0 0 1 0
Aspartic acid GAT 2 5 5 2 3 53 17 4 2 2
Aspartic acid GAC 0 2 2 2 1 16 6 1 0 0
Glutamic acid GAA 5 2 11 7 5 78 35 6 1 1
Glutamic acid GAG 0 1 0 1 1 7 2 1 1 0
Glycine GGT 9 5 10 9 8 37 34 18 8 2
Glycine GGC 1 1 0 1 1 7 0 0 0 1
Glycine GGA 4 2 4 1 4 22 3 1 1 0
Glycine GGG 0 2 0 0 0 16 1 0 1 0
Serine TCT 3 3 2 2 3 60 9 1 0 2
Serine TCC 0 0 1 0 0 13 0 0 0 0
Serine TCA 1 2 1 5 0 43 4 6 5 1
Serine TCG 1 0 0 1 0 16 0 0 0 0
Serine AGT 1 1 4 3 1 32 4 5 3 0
Serine AGC 0 0 1 0 0 7 0 0 0 0
Threonine ACT 4 3 1 7 4 30 8 6 6 0
Threonine ACC 0 0 0 0 0 11 0 0 1 0
Threonine ACA 4 2 7 4 5 41 25 10 3 4
Threonine ACG 0 0 0 0 0 13 0 0 1 0
Cysteine TGT 1 1 0 2 1 8 1 3 1 0
Cysteine TGC 0 0 0 1 0 3 0 0 1 0
Tyrosine TAT 5 0 3 3 2 72 8 2 4 1
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Table 3.4 Continued

Tyrosine TAC 0 0 2 0 3 14 2 8 0 0
Asparagine AAT 1 9 5 6 3 129 5 0 1 1
Asparagine AAC 1 1 1 0 4 33 8 2 2 0
Glutamine CAA 3 1 13 3 2 78 10 5 6 0
Glutamine CAG 0 0 1 0 0 3 0 1 0 0

Lysine AAA 13 10 18 12 7 167 32 5 15 1
Lysine AAG 0 0 0 1 0 16 0 0 0 0

Arginine CGT 13 6 5 6 3 31 17 6 9 0

Arginine cGC 1 1 2 0 0 7 1 0 0 0

Arginine CGA 1 2 1 4 0 18 1 2 4 0

Arginine CGG 0 0 0 0 0 3 0 0 0 0

Arginine AGA 3 2 3 1 0 25 0 2 0 1

Arginine AGG 0 0 0 0 0 0 0 0 1 0

Histidine CAT 1 0 1 2 1 16 9 1 3 0

Histidine CAC 1 0 1 1 0 9 3 4 0 0

STOP TAA * * * " " * * * * %
STOP TAG
STOP TGA
Amino acids | Codons Frequency of codons used
11541736| 11541739| 11541743| 11541745| 11541746| 11541748| 11541750| 11541759| 11541762 11541763
M?tsrlfrrt‘;ne ATG 2 3 10 1 3 8 7 11 4 3

Alanine GCT 12 7 13 4 23 6 25 8 2

Alanine GCC 0 1 1 0 0 0 1 1 2 1

Alanine GCA 7 1 14 2 13 2 17 7 2
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Table 3.4 Continued

Alanine GCG 0 0 2 0 1 2 1 1 1 0
Valine GTT 7 8 9 0 3 6 7 18 16 2
Valine GTC 0 0 1 0 0 0 0 0 3 1
Valine GTA 13 13 4 2 5 16 10 18 13 3
Valine GTG 1 1 1 0 0 1 0 1 3 1
Leucine TTA 27 20 41 5 6 31 18 43 44 7
Leucine TG 0 1 0 0 0 0 0 0 11 0
Leucine CTT 6 8 6 2 0 5 6 6 9 1
Leucine CTC 0 0 0 0 0 0 0 0 1 0
Leucine CTA 2 0 5 1 0 4 4 4 2 1
Leucine CTG 1 1 0 0 0 0 1 0 0 0
Isoleucine ATT 21 15 26 3 2 10 21 33 25 9
Isoleucine ATC 1 2 5 2 0 4 0 3 4 0
Isoleucine ATA 1 6 0 0 0 0 1 0 10 1
Phenyl alanine| TTT 7 10 17 1 1 7 6 7 43 4
Phenyl alanine| TTC 7 3 3 1 0 29 0 8 4 3
Tryptophan TGG 4 1 7 0 1 14 0 0 3 0
Proline CCT 9 8 9 0 3 6 8 5 13 4
Proline cce 0 0 0 0 0 0 1 0 3 1
Proline CCA 4 5 7 0 1 8 3 17 11 1
Proline CCG 0 2 4 0 0 0 1 0 3 0
Aspartic acid GAT 5 19 27 0 3 6 3 16 16 5
Aspartic acid | GAC 2 3 4 0 2 5 2 4 4 0
Glutamic acid GAA 11 20 38 0 3 15 8 33 36 4
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Table 3.4 Continued

Glutamic acid | GAG 2 0 1 0 1 1 0 2 6 0
Glycine GGT 9 16 29 3 5 30 9 39 9 2
Glycine GGC 2 2 0 0 0 1 0 0 0 0
Glycine GGA 4 5 5 1 0 1 6 8 5 1
Glycine GGG 2 2 2 0 0 0 0 0 1 0

Serine TCT 6 3 19 0 1 3 5 12 19 3
Serine TCC 0 0 0 0 0 0 0 0 3 0
Serine TCA 3 10 20 1 1 11 2 18 21 3
Serine TCG 1 1 5 0 0 0 0 0 9 1
Serine AGT 2 4 13 1 2 4 2 6 8 0
Serine AGC 1 0 3 0 1 0 0 0 2 0
Threonine ACT 7 4 5 1 2 17 1 12 14 5
Threonine ACC 0 0 0 0 0 0 0 0 3 1
Threonine ACA 4 8 14 2 4 4 8 22 15 3
Threonine ACG 3 1 4 0 0 0 0 1 2 2
Cysteine TGT 0 8 0 8 4 3 3 1 0
Cysteine TGC 0 0 0 0 1 0 0 0 0 0
Tyrosine TAT 11 11 18 1 3 1 11 14 25 4
Tyrosine TAC 0 2 5 1 0 8 1 7 0 0
Asparagine | AAT 7 8 24 0 1 0 15 6 32 10
Asparagine | AAC 4 3 6 0 0 15 2 10 11 0
Glutamine CAA 5 4 28 0 2 11 9 23 26 7
Glutamine CAG 0 0 3 0 0 2 0 3 0
Lysine AAA 7 16 27 1 3 4 27 21 44 10
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Table 3.4 Continued

Lysine AAG 1 1 4 1 0 0 0 0 3 1
Arginine cGT 2 5 17 0 3 14 20 24 10 4
Arginine cGe 1 1 0 0 0 0 0 1 1 1
Arginine CGA 0 3 3 0 1 1 2 2 3 0
Arginine CGG 0 0 0 0 0 0 0 0 0 0
Arginine AGA 0 2 8 0 1 0 6 0 7 1
Arginine AGG 0 0 0 0 0 0 0 0 0 0
Histidine CAT 3 3 4 0 1 3 4 1 11 0
Histidine CAC 2 0 3 0 0 5 0 1 1 1
STOP TAA * * * * * * * * *
STOP TAG .
STOP TGA
Amino acids | Codons Frequency of codons used
11541764| 11541765| 11541766 11541774 11541782| 11541783| 11541786| 11541787 11541789| 11541790
M?ts'lfg)i”e ATG 2 5 12 15 3 2 2 11 8 1
Alanine GCT 8 2 22 22 15 6 9 49 13 1
Alanine cce 3 0 5 2 0 1 1 1 1 2
Alanine GCA 4 1 15 10 2 5 4 21 5 2
Alanine GCG 0 0 0 2 1 0 0 2 1 0
Valine GTT 6 1 19 21 5 8 3 23 9 5
Valine GTC 0 0 0 2 0 1 1 0 0 0
Valine GTA 7 2 26 14 1 6 5 16 10 8
Valine GTG 1 2 0 3 1 0 0 2 0 1
Leucine TTA 19 4 35 35 6 11 3 68 38 7
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Table 3.4 Continued

Leucine TTG 1 0 1 1 0 0 0 0 2 0
Leucine CTT 2 0 10 2 3 3 1 13 7 2
Leucine CTC 0 0 0 0 0 0 0 0 0 0
Leucine CTA 2 1 2 3 1 2 0 4 8 0
Leucine CTG 0 0 0 1 0 0 0 1 1 0
Isoleucine ATT 19 7 23 30 4 10 8 34 23 2
Isoleucine ATC 2 1 3 1 2 0 3 2 0
Isoleucine ATA 1 2 0 6 0 1 2 0 10 0
Phenyl alanine| TTT 7 2 19 1 7 4 24 14 6
Phenyl alanine| TTC 0 0 11 4 3 2 0 28 5 1
Tryptophan | TGG 3 1 1 5 0 0 1 31 13 2
Proline CCT 7 1 1 11 4 1 1 9 6 1
Proline cce 1 0 0 0 0 0 0 0 1 0
Proline CCA 10 4 11 0 1 2 19 2 1
Proline CCG 2 0 2 0 0 0 1 3 1 0
Asparticacid | GAT 8 1 18 30 0 3 1 20 4 0
Aspartic acid | GAC 0 1 8 2 0 1 1 6 4 0
Glutamic acid GAA 12 3 27 35 3 15 6 18 14 1
Glutamic acid | GAG 0 0 4 3 1 1 0 1 0 0
Glycine GGT 20 5 36 21 12 6 2 55 16 5
Glycine GGC 0 1 0 3 0 0 1 0 1 0
Glycine GGA 8 1 4 0 2 8 11 10 1
Glycine GGG 3 1 3 0 0 0 1 2 2 0
Serine TCT 6 2 6 13 3 7 1 20 21 4
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Table 3.4 Continued

Serine TCC 1 0 1 0 0 0 0 0 1 0
Serine TCA 6 3 11 12 0 2 5 22 9 1
Serine TCG 1 0 1 2 0 0 0 0 3 0
Serine AGT 4 1 7 10 1 4 2 8 13 0
Serine AGC 0 0 1 0 0 0 1 3 2 1
Threonine ACT 4 2 12 14 1 2 4 19 12 1
Threonine ACC 0 0 0 0 0 0 0 0 2 0
Threonine ACA 7 4 19 17 1 6 4 21 14 1
Threonine ACG 2 0 2 2 0 0 0 1 1 0
Cysteine TGT 2 1 1 0 0 2 3 3 0
Cysteine TGC 0 0 0 0 0 0 1 0 1 0
Tyrosine TAT 6 3 6 12 2 5 1 17 10 0
Tyrosine TAC 0 0 6 3 0 0 0 11 2 0
Asparagine AAT 12 3 14 23 0 14 3 10 24 3
Asparagine AAC 5 0 8 3 2 2 2 17 9 0
Glutamine CAA 5 0 19 21 2 9 3 33 9 1
Amino acids | Codons Frequency of codons used
11541764| 11541765| 11541766| 11541774| 11541782| 11541783| 11541786| 11541787| 11541789| 11541790
M?tshtfrrt‘)i”e ATG 2 5 12 15 3 2 2 11 8 1
Alanine GCT 8 2 22 22 15 6 9 49 13 1
Alanine GCC 3 0 5 2 0 1 1 1 1 2
Alanine GCA 4 1 15 10 2 5 4 21 5 2
Alanine GCG 0 0 0 2 1 0 0 2 1 0
Valine GTT 6 1 19 21 5 8 3 23 9 5
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Table 3.4 Continued

Valine GTC 0 0 0 2 0 1 1 0 0 0
Valine GTA 7 2 26 14 1 6 5 16 10 8
Valine GTG 1 2 0 3 1 0 0 2 0 1
Leucine TTA 19 4 35 35 6 11 3 68 38 7
Leucine TTG 1 0 1 1 0 0 0 0 2 0
Leucine CTT 2 0 10 2 3 3 1 13 7 2
Leucine CTC 0 0 0 0 0 0 0 0 0 0
Leucine CTA 2 1 3 1 2 0 4 8 0
Leucine CTG 0 0 0 1 0 0 0 1 1 0
Isoleucine ATT 19 7 23 30 4 10 8 34 23 2
Isoleucine ATC 2 1 6 3 1 2 0 3 2 0
Isoleucine ATA 1 2 0 6 0 1 2 0 10 0
Phenyl alanine| TTT 7 2 19 1 7 4 24 14 6
Phenyl alanine| TTC 0 0 11 4 3 2 0 28 5 1
Tryptophan TGG 3 1 1 0 0 1 31 13 2
Proline ccT 7 1 11 11 4 1 1 9 6 1
Proline ccc 1 0 0 0 0 0 0 0 1 0
Proline CCA 10 4 11 0 1 2 19 2 1
Glutamine CAG 0 1 0 0 0 1 0 0 1 0
Lysine AAA 15 12 18 32 1 11 14 14 15 1
Lysine AAG 1 1 1 1 0 1 1 3 1 0
Arginine CGT 20 4 17 20 2 7 7 15 5 0
Arginine cGC 3 0 2 1 0 0 1 0 0 0
Arginine CGA 3 1 3 3 0 1 1 1 1 0
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Table 3.4 Continued

Arginine cGG 0 0 0 0 0 0 0 0 0 0
Arginine AGA S 0 2 0 2 5 1 2 0
Arginine AGG 0 0 0 0 0 0 0 0 0 0
Histidine CAT 7 2 1 15 0 3 3 25 5 0
Histidine CAC 2 3 3 1 0 0 1 16 0 0
STOP TAA . . « « . . . . « .
STOP TAG
STOP TGA
Amino acids | Codons Frequency of codons used
11541791| 11541792| 11541793| 11541794| 11541795 11541797| 11541798| 11541799 11541800| 11541803
Me(ts'lfr':;”e ATG 1 6 4 4 11 4 3 4 1 2
Alanine GeT 2 2 7 5 26 11 3 6 4 4
Alanine Gee 1 0 1 0 0 1 2 0 0 0
Alanine GCA 1 1 4 8 12 6 2 6 2 2
Alanine GCG 0 1 0 1 5 1 1 1 0 0
Valine GTT 1 2 12 5 14 1 1 6 3 5
Valine GTC 0 0 0 0 0 0 1 0 0 0
Valine GTA 1 3 1 5 20 2 3 4 3 1
Valine GTG 0 0 0 0 1 0 0 1 0 0
Leucine TTA 4 12 12 8 31 7 15 11 6 9
Leucine TG 0 0 1 0 0 0 2 0 0 0
Leucine CTT 1 2 3 2 8 2 6 1 1 3
Leucine cTC 0 0 0 0 0 0 0 0 0 0
Leucine CTA 1 0 1 1 1 4 3 1 0 2
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Table 3.4 Continued

Leucine CTG 0 0 0 0 0 0 2 0 0 0
Isoleucine ATT 6 3 9 7 15 12 14 14 6 6
Isoleucine ATC 0 0 2 2 0 2 0 0 0
Isoleucine ATA 0 0 2 0 0 1 5 2 0 0

Phenyl alanine| TTT 2 2 1 5 4 14 5 5 2
Phenyl alanine| TTC 0 0 0 1 15 1 5 2 1 0
Tryptophan TGG 0 1 1 2 8 3 6 0 2 2

Proline CCT 0 0 6 3 6 3 5 1 3 2

Proline ccc 0 0 0 0 1 0 0 0 0 0

Proline CCA 1 2 4 2 14 2 3 2 3 2

Proline CCG 0 1 0 0 0 0 1 2 0 0

Aspartic acid | GAT 0 0 3 4 12 5 6 4 3 1
Aspartic acid | GAC 0 1 1 1 14 1 0 1 2 0
Glutamic acid GAA 3 5 8 12 26 12 11 13 4 4
Glutamic acid | GAG 0 0 1 1 5 2 2 1 0 0

Glycine GGT 0 4 5 7 44 8 7 10 1 3

Glycine GGC 0 1 0 0 0 0 2 2 1 0

Glycine GGA 1 0 2 0 5 3 11 4 2 4

Glycine GGG 0 0 1 1 1 0 1 0 0 0

Serine TCT 4 2 1 4 2 3 6 2 0 1

Serine TCC 0 0 0 0 0 0 0 0 0 1

Serine TCA 0 2 3 2 12 4 1 9 3 3

Serine TCG 0 0 1 0 0 0 1 0 0 0

Serine AGT 0 3 2 0 1 3 5 4 4 3
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Table 3.4 Continued

Serine AGC 0 0 0 0 2 0 0 2 0 1
Threonine ACT 2 2 3 4 17 3 3 4 3 4
Threonine ACC 0 0 0 0 1 0 0 0 0 0
Threonine ACA 1 0 6 4 12 6 5 5 2 4
Threonine ACG 0 0 0 0 1 0 2 0 0 1

Cysteine TGT 0 1 1 0 11 0 1 2 0 0
Cysteine TGC 0 0 0 0 0 0 0 0 0
Tyrosine TAT 0 2 5 0 4 14 8 4 3 1
Tyrosine TAC 1 1 1 0 14 1 0 1 0 0
Asparagine | AAT 1 3 11 10 1 9 12 13 2 2
Asparagine AAC 0 0 0 2 14 2 2 2 0 2
Glutamine CAA 1 4 6 12 10 5 9 3 2
Glutamine CAG 0 1 1 0 0 1 1 1 0 0
Lysine AAA 1 10 18 11 23 5 18 19 3 3
Lysine AAG 0 4 1 0 0 0 1 1 o 0
Arginine CGT 0 8 7 4 27 5 5 6 5 1
Arginine CGC 0 1 1 0 0 0 0 0 0 0
Arginine CGA 0 0 2 0 0 2 1 2 0 0
Arginine CGG 0 0 0 0 0 0 0 0 0 0
Arginine AGA 0 3 4 0 2 4 4 3 0 0
Arginine AGG 0 0 0 0 0 0 0 0 0 0
Histidine CAT 0 3 3 1 4 3 0 1 0 0
Histidine CAC 0 1 0 0 1 0 0 2 1 0
STOP TAA * * * * * * * * * *

179



Table 3.4 Continued

STOP TAG
STOP TGA
Amino acids | Codons Frequency of codons used
11541804| 11541806| 11541808| 11541809| 11541810| 11541820| 11541825| 11541824| 11541823| 11541822
Methionine
(Start) ATG 1 9 16 2 12 8 12 20 18 2
Alanine GCT 2 24 25 5 23 8 18 13 24 4
Alanine GCC 0 2 1 0 1 3 4 5 4 0
Alanine GCA 0 14 25 2 8 8 11 8 13 3
Alanine GCG 0 0 0 0 1 2 5 8 6 0
Valine GTT 2 21 24 2 13 14 16 22 24 2
Valine GTC 0 0 0 1 0 1 1 5 2 0
Valine GTA 0 17 21 3 12 12 10 14 13 1
Valine GTG 0 1 1 0 0 1 1 6 0 0
Leucine TTA 3 34 63 14 28 31 35 58 50 2
Leucine TTG 1 0 1 0 0 5 1 6 9 0
Leucine CTT 1 11 14 0 1 7 7 10 6 0
Leucine CTC 0 0 0 0 0 0 0 0 2 0
Leucine CTA 0 2 6 0 0 4 7 7 7 0
Leucine CTG 0 0 0 0 0 1 0 1 3 0
Isoleucine ATT 0 23 67 10 1 15 29 40 47 5
Isoleucine ATC 0 3 11 1 28 6 7 2 4 1
Isoleucine ATA 0 0 6 0 0 14 5 19 19 0
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Table 3.4 Continued

Phenyl alanine| TTT 6 17 26 4 5 26 17 38 31 3
Phenyl alanine| TTC 2 26 5 0 20 3 7 5 4 1
Tryptophan TGG 1 18 5 0 10 3 6 5 7 1
Proline CCT 3 9 9 3 5 8 12 17 18 1
Proline CccC 0 0 0 0 0 5 0 4 3 0
Proline CCA 0 16 16 6 10 8 11 15 13 1
Proline CCG 1 1 3 0 0 3 4 6 4 0
Aspartic acid GAT 2 14 26 1 5 19 13 37 34 0
Aspartic acid GAC 0 9 5 0 2 5 5 5 8 0
Glutamic acid GAA 4 22 33 3 14 24 32 43 46 1
Glutamic acid GAG 0 0 1 0 5 7 5 7 10 0
Glycine GGT 1 50 21 8 31 11 19 26 35 1
Glycine GGC 0 0 2 1 0 4 1 7 3 0
Glycine GGA 1 7 12 0 0 11 5 18 15 0
Glycine GGG 0 2 1 0 0 2 3 3 3 0
Serine TCT 0 10 23 4 8 28 15 36 19 0
Serine TCC 0 0 0 0 0 3 2 9 7 0
Serine TCA 2 16 22 3 17 24 9 19 23 1
Serine TCG 0 2 4 1 0 2 3 12 15 0
Serine AGT 3 9 10 3 0 12 9 15 15 0
Serine AGC 0 1 3 0 1 4 1 5 1 0
Threonine ACT 0 11 24 3 15 13 17 24 20 3
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Table 3.4 Continued

Threonine ACC 1 0 0 0 0 3 1 5 10 0
Threonire ACA 1 15 31 7 3 14 15 17 25 3
Threonine ACG 0 0 3 0 0 3 3 5 8 0
Cysteine TGT 0 2 9 1 5 1 11 7 3 0
Cysteine TGC 0 0 1 0 0 3 1 1 0 0
Tyrosine TAT 2 9 21 3 0 19 12 29 26 1
Tyrosine TAC 0 5 4 1 14 4 1 2 8 0
Asparagine AAT 0 4 45 5 3 34 22 47 45 0
Asparagine AAC 0 5 12 1 21 12 8 14 12 0
Glutamine CAA 0 14 44 8 6 13 18 39 38 2
Glutamine CAG 0 0 1 0 0 4 2 6 3 0
Lysine AAA 1 15 113 17 1 49 31 82 78 1
Lysine AAG 0 1 2 1 0 2 3 10 12 0
Arginine CGT 0 20 32 8 13 5 19 25 23 2
Arginine CGC 0 0 6 1 1 2 3 7 4 0
Arginine CGA 0 2 5 2 0 3 2 6 5 0
Arginine CGG 0 0 0 0 0 0 0 0 1 0
Arginine AGA 2 1 11 4 0 6 4 9 16 1
Arginine AGG 0 0 0 0 0 1 0 1 1 0
Histidine CAT 1 5 5 1 2 3 4 9 12 0
Histidine CAC 0 9 1 0 8 1 0 3 1 1
STOP TAA * * * * * * * * *
STOP TAG *
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Table 3.4 Continued

STOP TGA ‘ l l
Amino acids Codons Frequency of codons used
11541826| 11541828 11541829| 11541832 11541812 11541732 11541727| 11541754| 11541756| 11541761
Methionine (Start) | ATG ! ! ° 3 34 2 1 2 2 1
Alanine GCT 2 2 15 44 41 0 1 6 4 0
Alanine GCC 0 0 1 13 7 0 0 0 0 0
Alanine GCA 0 1 10 20 30 0 0 1 2 0
Alanine GCG 0 0 2 7 7 0 0 2 0 0
Valine GTT 3 3 24 61 48 3 3 3 6 3
Valine GTC 0 0 1 5 5 0 0 0 0 0
Valine GTA 1 2 9 27 34 2 1 1 1 1
Valine GTG 0 0 4 10 1 0 0 0 0 0
Leucine TTA 5 7 56 173 181 0 5 8 5 5
Leucine TTG 0 0 5 19 14 0 0 3 0 0
Leucine CTT 1 0 5 41 45 0 2 2 1 0
Leucine cTC 0 0 0 2 0 0 0 0 0 0
Leucine CTA 1 0 5 12 19 0 0 0 0 0
Leucine cTG 0 0 1 4 4 0 0 0 0 0
Isoleucine ATT 2 1 40 108 95 2 3 4 5 1
Isoleucine ATC 0 1 6 17 12 1 1 0 0 1
Isoleucine ATA 0 0 4 56 37 0 0 2 0 0
Phenyl alanine TTT 1 1 19 161 103 0 1 4 4 2

183



Table 3.4 Continued

Phenyl alanine TTC 2 1 11 28 20 0 1 1 0 4
Tryptophan TGG 1 0 4 17 33 0 1 1 1 0
Proline CCT 0 1 8 50 62 1 1 1 3 1
Proline ccc 0 0 0 7 2 0 0 0 0 0
Proline CCA 2 1 7 36 29 0 0 0 2 1
Proline CCG 0 0 1 6 10 0 0 0 0 0
Aspartic acid GAT 0 1 20 98 78 0 0 1 1 1
Aspartic acid GAC 0 0 3 18 13 1 0 0 0 1
Glutamic acid GAA 1 1 32 93 99 0 0 3 1 0
Glutamic acid GAG 0 0 0 11 6 0 0 0 0 0
Glycine GGT 0 1 21 71 47 2 5 3 0 2
Glycine GGC 0 0 2 14 5 0 0 0 0 0
Glycine GGA 1 3 7 35 24 0 3 1 0 2
Glycine GGG 0 0 1 8 6 0 1 0 0 0
Serine TCT 1 0 29 113 91 2 3 3 0 1
Serine TCC 0 0 0 13 7 0 0 0 0 0
Serine TCA 1 1 17 65 75 1 1 3 2 1
Serine TCG 0 0 2 25 10 0 0 1 0 0
Serine AGT 2 1 14 55 44 0 0 1 1 0
Serine AGC 0 0 4 4 8 0 0 0 0 0
Threonine ACT 0 1 17 71 81 1 2 2 0 2
Threonine ACC 0 0 3 13 7 0 0 0 0 0
Threonine ACA 0 1 13 62 74 0 1 2 0 1
Threonine ACG 0 0 3 13 5 0 0 0 0 0
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Table 3.4 Continued

Cysteine TGT 0 0 3 23 3 3 0 1 0 0
Cysteine TGC 0 0 0 1 0 0 0 0 0 0
Tyrosine TAT 1 1 13 86 82 0 1 6 1 1
Tyrosine TAC 1 1 5 10 3 0 1 1 0 0
Asparagine AAT 2 0 33 228 183 0 0 8 1 2
Asparagine AAC 2 0 17 37 28 1 1 0 0 0
Glutamine CAA 1 1 42 124 114 2 1 6 1 0
Glutamine CAG 0 0 3 19 7 0 0 0 0 0
Lysine AAA 1 0 90 234 215 7 0 10 1 2
Lysine AAG 0 0 4 28 9 0 0 2 0 0
Arginine cGT 1 1 33 40 100 3 1 12 0 1
Arginine CGC 0 0 5 4 11 1 0 1 0 0
Arginine CGA 0 0 9 27 17 1 0 0 0 0
Arginine CGG 0 0 0 1 0 0 0 0 0 0
Arginine AGA 1 1 6 28 39 0 0 3 1 0
Arginine AGG 0 0 0 4 0 0 0 0 0 0
Histidine CAT 0 0 8 37 26 1 0 1 0 0
Histidine CAC 0 0 0 9 2 0 0 0 0 0
STOP TAA * * * * * * * * *
STOP TAG *
STOP TGA
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Table 3.4 Continued

Frequency of codons used
Total frequency of codons used CodonBias normalized toan

Amino acids | Codons 11541805 11541817 11541793 11541841 by all genes amino acid maximum

1 1 4 15 430 1.00
Alanine GCT 1 1 7 45 695 1.00
Alanine GCC 0 1 1 1 85 0.12
Alanine GCA 1 2 4 22 405 0.58
Alanine GCG 0 0 0 3 79 0.11
Valine GTT 1 5 12 22 644 1.00
Valine GTC 0 0 0 0 38 0.06
Valine GTA 0 2 1 21 489 0.76
Valine GTG 0 0 0 1 52 0.08
Leucine TTA 4 4 12 68 1623 1.00
Leucine TTG 0 0 1 0 101 0.06
Leucine CTT 0 3 3 9 315 0.19
Leucine CTC 0 0 0 0 10 0.01
Leucine CTA 0 2 1 3 162 0.10
Leucine CTG 0 0 0 0 27 0.02
Isoleucine ATT 3 1 9 43 1132 1.00
Isoleucine ATC 2 0 2 9 182 0.16
Isoleucine ATA 0 0 2 0 268 0.24
Phenyl
alanine TTT 3 1 1 16 829 1.00
Phenyl
alanine T7C 2 0 0 34 346 0.42
Tryptophan TGG 0 0 1 28 282 1.00
Proline CCT 1 0 6 15 441 1.00
Proline CCC 0 0 0 0 38 0.09
Proline CCA 1 1 4 14 389 0.88
Proline CCG 0 0 0 1 70 0.16
Aspartic acid | GAT 0 0 3 21 675 1.00
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Table 3.4 Continued

Aspartic acid | GAC 0 0 1 8 176 0.26
Glutamic

acid GAA 1 0 8 16 998 1.00
Glutamic

acid GAG 1 0 1 2 100 0.10
Glycine GGT 1 2 5 59 932 1.00
Glycine GGC 0 0 0 0 68 0.07
Glycine GGA 1 0 2 9 312 0.33
Glycine GGG 0 1 1 3 75 0.08
Serine TCT 1 1 1 18 662 1.00
Serine TCC 0 0 0 0 61 0.09
Serine TCA 0 0 3 19 582 0.88
Serine TCG 0 0 1 2 123 0.19
Serine AGT 0 1 2 16 376 0.57
-Serine AGC 0 0 0 1 60 0.09
Threonine ACT 1 1 3 19 571 0.92
Threonine ACC 0 0 0 0 62 0.10
Threonine ACA 0 0 6 21 620 1.00
Threonine ACG 1 0 0 0 81 0.13
Cysteine TGT 0 0 1 4 161 1.00
Cysteine TGC 0 0 0 0 15 0.09
Tyrosine TAT 0 0 5 8 621 1.00
Tyrosine TAC 1 0 1 12 163 0.26
Asparagine AAT 0 1 11 12 1105 1.00
Asparagine AAC 0 0 0 18 354 0.32
Glutamine CAA 0 0 5 27 880 1.00
Glutamine CAG 0 1 1 1 70 0.08
Lysine AAA 1 0 18 19 1651 1.00
Lysine AAG 0 0 1 2 121 0.07
Arginine CGT 1 1 7 17 706 1.00
Arginine CGC 0 0 1 1 72 0.10
Arginine CGA 0 0 2 2 149 0.21
Arginine CGG 0 0 0 0 5 0.01

187



Table 3.4 Continued

Arginine AGA 1 0 4 2 239 0.34
Arginine AGG 0 0 0 0 8 0.01
Histidine CAT 0 0 3 16 273 1.00
Histidine CAC 0 0 0 26 131 0.48
STOP TAA *

STOP TAG

STOP TGA
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Table 3.5. Comparison of codon usage bias iDunaliella. For each amino acid, the most frequently used
codon was attributed a value of 1 (shown as bold) and the other codons represents a ratio depicting their relative
use compared to the most frequently used codon.

Codon bias normalized to| Codon bias normalized toan | Codon bias normalized to
an amino acid maximum | amino acid maximum data | an amino acid maximum

Amino data (Values derived from | (Values derived from Table | data (Values derived
ac_ids‘ Codons | Table 3.2 3.3) from Table 3.4)
M?tsrllgrr:;ne ATG 10 10 10
Alanine GCT 0.7 0.6 1.0
Alanine GCC 1.0 1.0 0.1
Alanine GCA 0.4 0.4 0.6
Alanine GCG 0.3 0.4 0.1
Valine GTT 0.2 0.4 1.0
Valine GTC 03 0.5 0.1
Valine GTA 0.1 0.2 0.8
Valine GTG 1.0 1.0 0.1
Leucine TTA 0.0 0.2 1.0
Leucine TTG 0.2 0.2 0.1
Leucine CTT 01 0.4 0.2
Leucine CTC 0.2 0.3 0.0
Leucine CTA 01 0.2 0.1
Leucine CTG 10 1.0 0.0
Isoleucine | ATT 0.4 0.6 1.0
Isoleucine | ATC 1.0 1.0 0.2
Isoleucine ATA 0.0 0.1 0.2
::lg?\innyé TTT 0.5 0.4 1.0
aplgiinr?ltle TTC 1.0 1.0 0.4
Tryptophan| TGG 10 1.0 1.0
Proline ccT 0.7 0.6 1.0
Proline ccc 1.0 1.0 0.1
Proline CCA 0.4 0.6 0.9
Proline CCG 01 0.2 0.2
M| car 0.6 0.7 10
A?c?criuc GAC 1.0 1.0 03
Glgt:??c GAA 0.3 0.6 1.0
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Table 3.5 Continued

Glutamic
acid GAG 1.0 1.0 0.1
Glycine GGT 0.5 0.6 1.0
Glycine GGC 10 1.0 0.1
Glycine GGA 0.2 0.4 0.3
Glycine GGG 0.2 0.3 0.1
Serine TCT 0.5 0.6 1.0
Serine TCC 0.9 1.0 0.1
Serine TCA 0.4 0.5 0.9
Serine TCG 0.1 0.3 0.2
Serine AGT 0.2 0.4 0.6
Serine AGC 1.0 0.8 0.1
Threonine | ACT 0.5 0.5 0.9
Threonine ACC 1.0 1.0 0.1
Threonine | ACA 0.4 04 1.0
Threonine | ACG 01 03 0.1
Cysteine TGT 0.2 0.5 1.0
Cysteine TGC 1.0 1.0 0.1
Tyrosine TAT 0.4 0.6 1.0
Tyrosine TAC 10 1.0 0.3
Asparagine| AAT 0.2 0.5 1.0
Asparagine| AAC 10 1.0 0.3
Glutamine | CAA 0.3 0.4 1.0
Glutamine | CAG 10 1.0 0.1
Lysine AAA 01 0.6 1.0
Lysine AAG 1.0 1.0 0.1
Arginine CGT 04 0.7 1.0
Arginine CGC 10 1.0 0.1
Arginine CGA 0.1 0.3 0.2
Arginine CGG 0.3 0.2 0.0
Arginine AGA 01 0.8 0.3
Arginine AGG 0.4 0.6 0.0
Histidine CAT 0.2 0.7 1.0
Histidine CAC 1.0 1.0 05

190



Diverse codon usage pattern within nuclear andhloroplast genome ofDunaliella

The nuclear versus chloroplast genome did not share similarity in the synonymous codon
usage inDunaliella (Table 3.5). None of the amino acidsd the identical usage of
synonymous codon between the nuclear and the chloroplast genome. Although, the nuclear
ard chloroplast gene sequences used for codon usage bias comparison between the nuclear
and chloroplast genome was derived from only one species n@meblina (Table 3.1A,

C). We do not have the chloroplast gene information finnairidis transcriptome dta set,
because the sample kit used for cDNA library preparation for B&tuencing allowed the
selection of -AfRiNwiEhstherfore éimipated tige possibility of capturing

t he <c¢hl or o pTo aosfirmthe BXAi$t&nEes of difference the codon usage pattern
within the nuclear and chloroplast genoméaialiella, increasing the sample siaralyzed

is required. The nuclear and chloroplast genome @f salina had the uniformity of
exclusively using TAA as stop codon (Table 3.2 and @8b). Our results indicated that the
nuclear and chloroplast codon usage Dafnaliella genome had similarity with that of
Chlamydomonag$28). Chlamydomonasuclear gene codons had preference of ending with
guanine or cytosine and the chloroplast gene codons had preference of ending with adenine

or uracil(28) and we observed the same scenario in the codon usBgmaliellaas well.
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Codon optimization prediction for efficient transgene expression irDunaliella

The output obtained from the graphical codon usage analyserfaiotthe codon usage
analysis of the heterologous gene sequensexjthe synonymous nuclear codon usage of
D. viridis (Table 3.5) argrovided(Figure 3.2. The reason for optimizing the heterologous
gene sequencdmsed orthe synonymous nuclear codon usag®oviridis, is because the

molecular tool kits for transformation are developacthat species.
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Figure 3.2 Codon usage analysis output oble (A), egfp (B) and tesA (C) heterologous genes against
synonymous codon usage table generated usiiy viridis transcriptome (Table 3.5).Sequences used for
analysis are provided in Figure 3The x-axis represents the codon sequences present in the open reading
frame of coding DNA testedlhe yaxis represents the relative adaptiveness of each codon being used. Black
bar s, grey bars and red bars 2@ fpro&edontusageraspedtively.v e
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The codon usage analysiskié gene against thB. viridis nuclear codon @ge (Table 3.5),
indicatedthat the relative adaptiveness of codon in the coding DNA sequences were all
greater than 10% (FigureZA). Initially, our priority wa to optimize only the codons with
relative adaptiveness lesser tharequal to 10%. Therefore there svao need for timizing

theble gene sequences as per bheviridis nuclear codon usage before transformation.

The codon usage analysisegffpgene against thB. viridis nuclear codon usage (Table 3.5),
indicatedthat there waseed for optimization of only one cadat position 23 which is GTA
codingfor the amino acid valine. TheynonymousodonGTA had a relative adaptiveness of
codon usage value lesser than 10% (Figure 3.2.B). As per the nuclear codon usage generated
from D. viridis transcriptome data setynorymouscodon GTA coding for amino acid valine

had a codon bias normalized to amino acid maximum value of 0.2, whereas the synonymous
codon GTG coding for the same amino acid valine had a codon bias normalaeihto

acid maximum value of 1 @ble 3.5). Hace optimization osynonymouscodon GTA at
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position 23 to codon GTG will be favorable for efficient expressioB@FPin D. viridis.
Although, if thatparticular codomwas optimizedthen there will be no chance to detddhe
successful expression BGFPin D. viridis was solely based on this change. In order to test

if there is a real need for codon optimization of heterologous geriesvindis, egfpwill be
transformed without any codon optimization.

The codon usage analysistefAindicatedthat there ws need for optimization of onlgne

codon at position 87 which waCTA coding for the amino acid leucine. This particular
codon had a relative adaptiveness of codon usage value lesser than 10% (Figure 3.2.C). As
per the nuclear codon usage geed fromD. viridis transcriptome data set, codon CTA
coding for amino acid valine had a codon bias normalizesthmino acid maximum value

of 0.2, whereas the synonymous codon CTG coding for the same amino acid valine had a
codon bias normalized t@n amino acid maximum value of 1 (Table 3.5). Hence
optimization of codon CTA at position 8&f coding sequenc® codon CTGwasdone to

detect if there is an efficient expression of TesMirviridis. Figure 3.3 shows the pairwise
alignment of tesA coding DNA sequences before and after codon optimization using
ClustalW 2.1 The box highlights the codon position which has been optimized to CTG from

CTA in thetesAsequence.
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Figure 3.3 Pairwise sequence alignment ofesA coding sequence using ClustalW 2.1 before and after
codon optimization. The box highlights the need for change in codon sequence coditlgefamino acid
leucinefrom CTA to CTG for efficient EsA expression iD. viridis.
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Discussion

The synonymous codon usage bias of nuclear and chloroplast gen@uaadéilla (Table

3.5) completely matched with the codon biashefmodel green alga€hlamydomona28).
However, it isimportant to mentiothat not all green algae shahe sameodon usage bias,
bacauseghe codon usage pattern Bbtryococcus brauniwas shown to be different from
Chlamydomonas reinhardtiand Chlorella vulgaris (29). Especially, the codon usage
frequencies for UUA (leucine), AAA (lysine) and AGA (arginine) wab®ut 10 times lower

in C. reinhardtii and C. vulgaris than inB. braunii and suggested that heterologous gene
expression among those organismseveot promising29).

Our data concluded that the synonymous codon usage bihe miiclear genome was not
species dependent iDunaliella (Table 3.5).However, in this study we used sequence
information only fromD. salinaandD. viridis for comparisa and hence further validatios i
required by including more species. The lack of gerosaiquence information limits our
progress towards understanding of the codon usage bias in Bigaeodel green alg&.
reinhardtii, was the oty organism with availablegenome sequence information and
developed molecular to®lfor genetic analysi@0-33). In this study, sequence resources for
codon usage analysis were limitedthe chloroplast genome @&f. salina CCAP 19/18(34)
andtranscriptome data @. viridis. Diversity in the codon usage pattern between the nuclear
and chloroplast genome DBf salinawas observed (Table 3.5). The fact that the codons from

chloroplast encoding genes ending with adenine or uracil and from nuclear encoding genes
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ending with guanine or cytosine might have attributed to this diversity (Table 3.2 and Table
3.4). Simlar to this, codon usage analysis of nuclear and chloroplast gerdritee green

alga Chlamydomonasevealed that nuclear encoded proteins preferred codons ending with
cytosine or guanine and chloroplast encoded proteins preferred codons ending witk adeni
or uracil (28). The similarity in codon usage bias of nuclear and chloroplast genome
betweenDunaliella and Chlamydomonasevealed that the method of codon usage analysis
adopted in this studyasreliable. The differences in the preferences of stajmes between
species oDunaliellashould k& highlighted in this context. Theiclear genome dD. salina
preferred exclusive use die stop codon TAA (Table 3.2), where&s viridis preferred

equal usage of all the stop codons (Table 3.3).

From the grapical codon usage analgsbutput, it wa understood that the coding sequences
of the heterologous genesgfp andtesAneead codon optimization, wheredsle does ot

need one under the consideratibat the codons with relative adaptiveness less than or equal
to 10 wasconsidered as ra codons and therefore they warot optimal for expression in
Dunaliella (Figure 3.2). However, changes to optimal codons as suggestalé fam CTA

to CTG at posion 87 and foregfpfrom GTA to GTG at positio23 may or may not have an
influence on the protein expression of those gen@&uimaliella. This is because in addition

to optimizing the codons of the heterologous genes based on the host genome coelon usag
bias, there are other facs beyond codon bias that need to be considereduimessful

expression of the heterologous protein.
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The main factor which affeetlthe mdon usage of a given organismsahe dominance of
guanines (G) and cytosines ((3p). The GC contenhas to becalculated exclusively from

the coding sequences rather than the entire transaguesces which contad the
untranslated sequences, thereby providingore accurate reflection of the codon usage of
any organisms. Mangenoms of microalgal species includin@. reinhardtii andC. vulgaris

have very rich GC content and severely biased codon usage ofténhedto difficulties in
heterologous protein expressi@@6-41). The GC content of th®. salina organelle DNA

was 34.4% fnitochondrial DNA)and 32.1% (plastid DNA) which vgaundistinguished from

those eukaryotes with ipmary plastids. Although, they we the most GC poor or AT
(AdenineThymine) rich organelle DNAs observed withihe Chlamydomonadales, which

was significantbecause the Chlamydomonodalesvi@nd to be one of the few lineages out

of all eukaryotes know to contain species with GC rich mitochondrial gen{8dgsThe
preference of codons ending with adenine or uracil in the chloroplast gendinesalina

(Table 3.5) correlatewvith the fact that the plastidegome wasAT rich as described by
Smith et al. 2010(34). The difference in the genome nucleotide compositioDwfaleilla

from that of Chlamydomonasnay have occurred during evolution. The charastier of
Dunalielads genome being AT rich might overcome
usage bias on the expression of heterologous proteins during plastid transformation. The
preference of nuclear genome codons ending with Gsurggestedhe presace of high GC
content in the nuclear genome Déinaliella (Table 3.5). Unfortunatelythe lack of nucler

genome sequence informatitor Dunaliella salinalimited our understanding of the effect of
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nucleotide composition and codon usage on expressibatefologous proteins based on its
nuclear genome. Further analysis using whole genome sequencing data will help to
understand how the gene length and gene expression pd@grand GC conten{35, 43)

have an effect on codon usagémnaliella

Othe factors which need to be considereduring codon optimization include RNA
secondary structure and stabil{g4-46), tRNA abundanc€10-13), protein structuré47),
hydrophobicity and aromaticity of the encoded proté#4& 49) Recent studies hawown

that the usage of particular synonymous codmdimpact on protein folding or misfolding
(50-52). The nucleotide sequences close to théemhinal region of the protein appear
particularly sensitive, both to the presence of rare co@8s54)and b the identities of
codons immediately adjacent to the initiation A(&5, 56) It waslikely that codon usge

and tRNA abundance hawoevolved, and especially the selectiargsure for this co
evolution wasstronger for highly expressed genes than femeg expressed at low levels
(12). It was also important to understand that coding sequecgetining onlyoptimal
codonsled to starvation of tRNA and resell in animbalanced tRNA poolskewed codon
usage pattern and translational eff). In addition, with no flexbility in codon selection, it

was not possible to avoid repetitive elements and secondary structures in the gene and
MRNA that might inhibit ribosome processing through mRNA sheops (58). Gene
sequaces with repetitive elementseadifficult to synthesize and also affect the stability of

the gene.
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A collection of bioinformatics tools are available to predict the effect of optimized codons on
those factors discussed above before trying to express those heterologous proteimgsin the
genome. Improvements in the speed and cost of gene synthesis will help to completely
redesign the entire gene sequences to maximize tihheehaf high protein expression. Also,
site-directed mutagenesis PCR technig(E9) can be used to create chasgn the position
desired and to resynthesize the entire gene without modifying the agitheequence of the

encoded protein.
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Abstract

Molecular tools for nuclear transformation tfe unicellular marine green alga,
Dunaliella viridis dumsii, hae been developed.nBogenous promoters and terminatofs
the ribulose bisphosphate carboxylase/oxygenase small subtbe§(gene weresolated
from D. viridis andused todrive the expression of the reporter gesgdp (enhanced green
fluorescent protein) and thiele (bleomycin) gene conferring resistance the antibiotic
zeocin Transformation was attemptdsy mechanical stress usinglass beads andy
electroporation200 mg/Lof zeocinkill ed the wild-type cells ofD. viridis in both sdid and
liquid growth media atlM NaCl. Low voltage (600 V) and high capacitance (BB)
electroporation and aagitation interval of 15 secondsr glass beadransformationwere
optimal for bothegfp and ble uptake andexpressionin D. viridis. A novel method of
embeddingD. viridis cells in solid gowth media while selecting witheocinwas developed
to improve the efficiency of colony forming units after transformati®dransformation
efficienciesof ~110 and 67 colony forming unitgcfu) per million cells were achieved for
ble at low voltage and high cap#ance electroporation anglith an agitation interval of 15
seconds using glass beads respectiviaignsient expression of EGFP was detected after 86
hours of transformatiorby glass beads and electroporation using a confocal scanning
microscopePCR amplification using the genonfidNA of zeocin resistant colonies followed
by sequencing confirmed the presencethd ble gene. Southern blot analysis of seven

transfornantsindicated the episomal integration thie ble gene The transformedolonies
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lost theirepisomal plasmid DNA witlble during subculturing due tothe absence of zeocin
selection pressuréAbout thirty zeocin resistant colonies were obtained when cellS. of

viridis had been transformed usigtass beads with a plasmid carrying tiie gene and the
Chromohalobacter daxigens Thioesterase A(tesA) gene independently driven by the
endogenous promoter and terminadbrrbcS. However, none of the thirty zeocin resistant
lines maintained theinle during subsequent cultivation in both solid and liquid media under
100 and % mg/L of zeocin. Isolation of the full lengthcSgene ofD. viridis by PCR and
subsequent sequencing resulted in the identificatioroa transit peptide sequences used

for targeting the Nerminal tagged TesA extremophilic protein into the chlordpleasrgeted
mutagenesis to knock out the nitrate reductase geewwfidis using CRISPR/Cas has been
developed and transformed into cells using glass beads. A screening procedure based on
chlorate resistance to identify the nitrate reductase defective mutants has been developed for
D. viridis. Under fAno ni t oratgaets as ancaoatod of hitrate ansl the aells |
take up chlorateKCIO3), reduce it to toxic chloriteKCIO,) and then die. When growth
media containing 5 mM KN@was treated witiKClO3 (2.5, 5 and 10 mM), nitrate acted as a
competitive inhibitor of chlmte irrespective ahe KClO3 concentration tested. Chlorate was
found to act as a competitive inhibitor of nitrate when the concentration of; Kalfbeen

reduced to 2.5 mM or lower in the growth media. Transformation using CRISPR/Cas for
genetic engingeng of D. viridis was not successful most likely due to the use of endogenous

RNA polymerase Il promoters to transcribe the target guide RNA. Efforts to achieve stable
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transformation, improve transformation efficiency and establish CRISPR/Cas for genome

editing inD. viridis will be the focus of future experiments.

Introduction

Dunaliella is a genus of halotolerant unicellular green algae, in the phylum
Chlorophyta, order Volvocales and the fanflglyblepharidacea€l, 2) Dunaliella species
lack arigid cell wall (3), but can grow in media containing an extremely wide range of NacCl
concentrations from 0.05 M to 5.5 NI), which helps in the reduction otulture
contamination with other microorganisif@s 5). Dunaliella cells adapt to the varying salinity
by regulating their intracellular concentration of glycdfgl6). Dunaliella species have been
mass cultured for the commercial production of carotenoids and glyéerd®). Dunaliella
species have great potents a feedstock for liquid transportation fuels because they grow
fast and can accumulate high levels of triacylgycerid€sl12) with little need for fresh
water or land. The absence of a cell walDanaliella enables the extraction of oil droplets
by ognotic shock in freshwater as one of the most inexpensive and environmental friendly
ways to extract oil from algae culturd3espite all these desirable traits@dinaliella, there
is no reliable method for stable genetic transformation and metaboliceengimm The high
cost of producing biofuel using the oil extracted frdbunaliella has prevented the
development of this technology atommercial level. In microalgaeglt division rates and
TAG accumulatiorexhibit an inverse relationshipecause celtlivision rates are maximal

under optimal growth conditions while TAG accumulates during conditions that limit cell
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division (13). Increasing the amount of oil produced per cell or expression of value added co
products along with oil, will offset the cos&ssociated with the production of oil from
Dunaliella. Therefore, there is a need to develop the molecular tool box for establishing
genetic transformation iBunaliella. Due to the different cell sizes and physiology (optimal
salinities for growth and agbtation to wide range of habitats) associated with the species of
Dunaliella, conditions for transformation in one species may not work for others. Genetic
diversity among the strain/species Dinaliella is a significant consideration towards
developinghe molecular tool box for transformation.

An availability of a reliable transformation method, selection protocol and appropriate
promoters are important for the development of a transformation system. The main constraint
researchers have faced workingvéwds Dunaliella transformation was that the cells Df
salinawere resistant to most commonly used antibiotics such as kanamycin, hygromycin and
spectinomycin even at a concentration of 1200 m@A). Few studies have shown the
transient or stable exmsion of a foreign gene iDunaliella, although, in most cases the
cells lost their transgene during cultivation. A stable transformation of the heterologous gene
hepatitis B surface antigen under the contr
sequence of tobacco mosaic virus was successfDl. isalina using electroporation(15).
Transient and stable transformationxf tertiolectaby electroporation with the bleomycin
(ble) antibiotic resistance under the control of endogenbaS1promoter and terminator
regions was reportedl6). In another studyD. salina was transformed withble by

electroporation under the control tife rbcS2 promoter fromChlamydomonaseinhardtii
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and colonies resistance to 10 mg/L of zeocin were obtainganamtained for six months.
However, 90% of the cells lost their resistance duringcalturing at a zeocin concentration

of 5 mg/L (17). A comparison of different transformation methods such as glass beads,
electroporation and particle bombardment fansformation of herbicide tolerance bialaphos
resistance lfar) in D. salina was performed and the transformation efficiency using glass
beads was higher than other methods and was ~100 transformants/ug ¢fL®NRarticle
bombardment was successful ih & transformati on and- trans
glucuronidase (GUS) under the control of the CaMV35S promotd. isalina (14). In
previous transformation trials oDunaliella, the gene transfer techniques had Ilow
transformation frequency and unstablanBgene expression. However, in a recent study,
Agrobacteriummediated transformation was successful for stable integration of a transgene
in D. bardawil (19). The authors expressed Green Fluorescent Protein (GFP), GUS and
hygromycin phosphotransferasepi) in D. bardawil Transformed colonies were selected
using a hygromycin at 100 mg/L at a low NaCl concentration of O(2W! The transformed

lines were sufmultured without hygromycin and retained their resistance even after 18
months. The Southern bl@nalysis showed successful integration of hipe gene (19).
Reducing the NaCl concentration from 1.0 M to 0.2 M in the growth media enabled co
cultivation of Agrobacteriumwith the cells ofD. bardawil (19). Agrobacteriummediated
transformation for stable transformation has also been reported for other greerCalgae

reinhardtii (20), Chlorella vulgaris(21) andHaematococcus pluviali®2) respectively.

219



The first part of this study focused on establishing a stable gdratsformation system for

a Dunaliella viridis, because it showed higher oil accumulation due to changes in
environmental growth conditions than othpesiestested (See Chapter 2). We diggass
beads and electroporationethodswith different paramets with eachmethodto find an
efficient transformationparameterfor D. viridis. The edogenousrbcS promoter and
terminatorfrom D. viridis were isolated andsed todrive the expression of thieeterologous
EGFP andle. Sensitivity ofD. viridis cells b arange of zeocin concentrat®tested both in
solid and liquid growth media was determined. A novel method of embeDdwigdis cells

in agar M solid growth media while selecting with zeocin was developed to improve the
frequency of colony formingnits after transformation.

In the second part of this studye proposed to genetically engineer eviridis with tesA
isolated from the moderately halophilic bactetiasalexigensising glass beads to make the
fatty acid profile of oil extracted frorD. viridis improve the biofuel characteristics. In fatty
acid synthesishe elongation of fatty acgdis terminated bwcylacyl carrier protein (ACP)
thioesterasg which hydrolyze the fatty acACP and releastee fatty acid423, 24) The
thioesteras substrate specificity can influence the lipid prof#8). Plant thioestesises have
been engineered invariety of plant specieand alteredheir oil conteni(26). The degree of
saturation and fatty acid profile have a great impact on the propeftiee €uel produced
(23). For biodiesel production, saturated medium chain fatty acidsC{23 are ideal
because they mimic diesel fud®7). Recently, plant fatty acyACP thioesterase B (FatB)

was genetically engineered in a diatoRh&§eodactylum triamutum) and a cyanobacteria
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(Synechocystisp. PCC6803) to create superior biodiesel feedstdmk these efforts were

met with limited succes@8, 29) We were interestedo express the TesA @ein from a
halophilic bacteriumbecause the enzyme proddowill be stable and functional in high salt
growth media. Halophilic proteins can function in high salt because the hydrophobic and
electrostatic interactions of the amino acids for proper folding and stability are strengthened
by the presence of sqB0). To investigatethe expression of TesA protein b viridis, the
endogenous promoter and terminator rotS and the CaMV35S promoter with NOS
terminator were independently used to drive the transcription de##e A transit peptide
sequence frombcS of D. viridis was isolated and used to target theéehninal histidine
tagged TesA protein into the chloroplast. The transformants posititedaivere selected

based on theeocin resistance.

The third part of this study focused on establishing the CRISPR/Cas genome editing system
in D. viridis. CRISPRCas the arrgeted genome modification toalas successfuh bacteria
(31-33), human cellg34), mice(35) and plantg36, 37)for gene knock ot or replacement
CRISPR (Clustered regularly interspaced short palindromic repeats)/Cas (CRISPR
associated) type Il prokaryotic adaptive immune system has emerged as a precise genome
editing strategy with minor offarget effect$38). The system is badeon the cas9 nuclease

and & engineered single guide RNARNA), which guides c#&to recognize and cleave a
target DNA by double strand break and repair using -homologous end joining or
homologydirected repair mechanisn{89). The repair often lead® small deletions or

insertions of nucleotides in the coding region of the gene, which shifts the codon reading
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frame and thus generate knock oliisthis study, guide RNA targets were designed to create
deletion simultaneously in the molybdopterin binglidomain and in the dimer interface
regions of the nitrate reductase gene (Figure 4.2). Nitrate reductase is the first enzyme of the
nitrate assimilation pathway which catalyzes the reduction of nitrate to nitrite and is
subjected to tight regulation abe level of enzyme synthesis, activity and degradation in
green alga€40, 41) In Dunaliella, nitrate reductaseN{Al) is a single copy gene and its
activity has been shown to be positively regulated by nitrate and light and negatively
regulated by ammouam ions (42, 43) Using NIAl as a selectable marker, nuclear genetic
transformation using functional complementation has been establisi@dlamydomonas

(44), Volvox(45), andD. viridis (43). This is the first report to investigatetife CRISPR/Cas

sydem could be used for targeted mutagenesisNtAl in D. viridis. We used the
endogenous promoter and terminatorriofS to drive the expression afodon optimized

Cas9 fromStreptococcus pyogenéssed with the nuclear localization signal frdmian

Virus4 0 at I (B93 Tha gRNA targets were independently driven by U6, a RNA
polymerase Il promotef39). We transformed the plasmid carrying the regulatory elements
with Cas9 and the gRNAs using glass beadsIntaridis.

Here we report succeswith both glass beads and electroporation for EGFP kd@d
expression using the endogenous promoter and terminatibc®in D. viridis. Low voltage

under high capacitance electroporation and an agitation interval of 15 seconds using glass
beads were dpnal. Zeocin at 200 mg/L was sufficient to kill witgtpe cells ofD. viridis.

Episomal integration oble was detected and the transformed lines lost resistance to zeocin
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during subsequent cultivatioWe had success with tlievelopment ocreeningorocedure

for selection of nitrate reductase defecthmatantsin D. viridis based on chlorate tolerance.
However, our trials to establish CRISPR/Cas system for targeted mutagenesis of nitrate
reductase iD. viridis wasnot successful and we suspect that ise of RNA polymerase IlI
promoters fromArabidopsismight not drive the transcription of the gRNA used. Efforts to
obtain stable transformation and establish the CRISPR/Cas system as proof of concept for

genome editing iD. viridis will be continuedm future work.

Materials and Methods

Strain, media and growth conditions

The D. viridis dumsii strain used in this study was obtained from the Center for Applied
Aquatic Ecology at NortlCarolina State University. @wth media A was modified from

(46) using 1M NacCl, with the addition of 10 mM Tris and pH GBwth media A was used

for cultivation of inoculum and transformation cultures. In addition to growth media A, for
cell cultivation during CRISPR/Cas transfation experimerst growth media such as B, C

and no nitrogen were used (Table 4.1). The other growth media had compgadéitical to

growth media A except there were changes in the type of nitrogen sources used and the

presence or absence of KGIGsigma, catalog # 255572) (Table 4.1).
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Table 4.1. List of media usedfor cell cultivation.

Medium | A B C No Nitrogen (no N)
Nitrogen|5 mM |5 mM|5 mM NaNQ +
sources | KNO3 NaNG, | 15 mM KCIO; | -

The inoculum was grown igrlenmeyer flasks for 1 week under standard conditions of a 12
hr light/ 12 hr dark cycle (cool fluorescent lights, 3340 lux) at 25°C without shaking or
provision of external air or CO Cultures for transformation were started by diluting the
inoculum (110) using the growth media A and allowed to grow under the standard
conditions for ~ 24 hours and harvested bytagation (2000 rpm for 5 minduring the

light period (~8 hours after transition from dark to light). The cell pellets were resuspended
in growth media A to reach a final cell density of 2 X t8lls mL* before transformation.

For CRISPR/Cas transformation, the cell pellets were washed with no nitrogen (no N) media
and resuspended using growth media B to reach a final cell density of 2celtsOmL*
before transformation. For embedding, 0.8% agar M satd growth media was prepared

by adding 8 g of agar M to 200 ml of deionized water, autoclaved, and mixed with 1000 mL
equivalent of liquid growth media prepared in 800 mL and held 4€.65he 0.8% agar M

growth media remained at 65°C until use.

Antibiotic sensitivity test for growth of D. viridis

Five day old cell cultures in growth media A were pelleted by centrifugation (2000 rpm, 5

mins). The pellets were mixed in 4 mL of 0.8% agar M growth media A at room temperature
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to reach the final cell density of 1@ells/mL and 2 x 1Dcells/mL. The ce# ateach cell
density were subjected to different concentrations @A mg/L) of zeocin (Life
technologies, catalog # R25001). The cells were poured into sterile 12 well plates (Genesee
Scientific, Catalog # 2801) while embedding. Control cells wessbedded using the same
procedure except for the addition of zeocin. The cells were incubated under continuous light
at 21°C for 2 weeks. The progress of cell death due to the effect of zeocin was observed
directly by eye fora change in color of embeddeells from green to pale white. Also, the

cells were viewed under the microscope (Axiovert 35, Zeiss) usi#g X objective to
observe chloroplast disintegration due to the effect of zeocin.

In another experiment, the cell pellets were resuspended Inaf hguid growth media A to

reach the final cell density of i@ells/mL and 2 x 10cells/mL. The cell suspension was
transferred into the sterile 12 well plates. The cell suspension under each cell density was
subjected to different concentrations580 mg/L) of zeocin. Control cells were resuspended
only with media and no zeocin was added. The cells were incubated under continuous light at
21°C for 2 weeks. Cell densities were measured for zeocin treated and for control cells using
the TC10 AutomaticCell Counter (BieRad). After 2 weeks, 200 pL of cells were collected
from the control and zeocin treated wells amere inoculated into 1 mL of fresh liquid
growth media A without zeocin. The cells were placed under continuous light ata2 I3C

days ad monitoredo determine if reverted to normal.
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Plasmid construction

Promoter and terminator isolation of rbcS

From ourD. viridis transcriptome dataset availabletla¢ National Center of Biotechnology
Information (NCBIYGEO (GSE40997) locus 100 transipt-3/4 was determined to have
shared sequence similarity tbe rbcS protein using tBlastn. Genomic DNA was isolated
using modified protocol as described by Dogteal 1987 (47). Using genomic DNA &.

viridis, the promoter region of thdcS was amplified with the PCR primers PrbcSF1 and
PrbcSR1 and the terminator region of theSwasamplified with the PCR primers TrbcSF1
and TrbcSR1 (Table 4.2). PCR amplification was done using the Phusion High fidelity PCR
kit (New England Biolabs, Catalog # E0%H3 Subsequent PCR amplification in this study
was also done using the same &itcept for mentionedThe PCR cycling condition 1 was
followed for both promoter and terminator amplification (Table 4.3). The PCR product size
of 728 bp and 780 bp was expeatfer promoter and terminator regionsrb€Sof D. viridis
respectively. All PCR products in this study were separated on agarose gels (1%) stained
with GelRed and gel purified using the QIAquick gel extraction kit (Qiagen, Catalog #
28706). The amplifiedragments corresponding to the promoter and terminator regions were
cloned into the pGEM plasmid and transformed into the JM109 straifc @li using the
pGEM-T cloning kit (VWR, Catalog ##R-A3600) and sequenced. The pGHMplasmid

with the cloned pnmoter and terminator abcSwere abbreviated gdrbcS and pTrbcS.
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Table 4.2. List of PCR primers used

Primer

name Sequence

PrbcSF1 |56 CTGCCCTGTAATGTGGGC35d

PrbcSR1 | 586 CCACACATCATCTGGTTGG35d

TrbcSF1 |58 TGGCCTTCGACAACAAGAGG35b

TrbcSR1 |56 CTAGCTTTCTGACTCTGTT CCC 356

PrbcSF2 |56 CTGCCCTGTAATGTGGGCAAAATGCAAAAGATTC36H6

ble- 50 GAACGGCACTGGTCAACTTGGCC

PrbcSR2 | ATTGTGTTGAGTGTGTGTTTGGGGTCGGGTGCAAAG36

bleF1- 50CTTTGCACCCGACCCCAAACACACACTCAACACAATGG
PrbcS CCAAGTTGACCAGTGCCGTTC350

TrbcS

bleR1 50 CATGAGGGCTCCCACTG CCAGCAACTCAGTCCTGCTCCT(
ble-

TrbcSF2 |56 CTTCGTGGCCGAGGAGCAGGACTGAGTTGCTGGCAGTGGGH
TrbcSR2 |56 CTAGCTTTCTGACTCTGTTCCCCTTCAGTGAAG36

egfp

PrbcSR2 [ 56 CAGCTCCTCGCCCTTGCTCACCATTGTGTTGA GTGTGTGT
egfpFt

PrbcS 56CTTTGCACCCGACCCCAAACACACACTCAACACAATGGTG/
TrbcS

egfpR1 56 CATGAGGGCTC CCACTGCCAGCAACTTACTTGTACAGCT(
egfp

TrbcSF2 |56 CTCTCGGCATGGACGAGCTGTACAAGTAAGTTGCTGGCAGT
rbcSF1 56 CACAATGGCCGCTCTCATCG36

rbcSR1 566TTAGTAGCCGCCCACAGA GC36

Table 4.3. PCR cycling conditions used.

98°C for 30 seconds, 35 cycles of 98°C for 10 seconds, 64°C for 30 s¢
Condition 1 and 72°C for 30 seconds, and a final extension at 72°C fmirlides.

98°C for 30 seconds, 40 cycles of 98°C for 10 seconds, 58°C for 30 s¢
Condition 2 and 72°C for 30 seconds, and a final extension at 72°C for 10 minutes

95°C for 4 minutes, 40 cycles of 95°C for 15 seconds, 60°C for 30 se
Condition 3 and 68°C for 1 minute, and a final extension at 68°C for 7 minutes.

PrbcS-ble-TrbcS cassette development

Overlap extension PCR was performed to assemble individual fragmenttheof

transformationcassett€Figure B.1)as described by Heckmat al 2007 (48). The overlap
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PCR primers used for the cassette assembly were: PrbcSF2rbbeR2, bleFPrbcS,
TrbcSbleR1, bleTrbcSF2 and TrbcSR2 (Table 4.2). The plasmids pPrbcS, pOBRBEe
(Invitrogen, Catalog # porf38h) and pTrbcS were used as template and the cycling
condition 2 (Table 4.3) was followed while overlap PCR amplifications were performed. The
overlap extension PCR product of the cassette Pobe$rbcS was cloned into the pGEW
plasmid and transformed into the JM109 straii @bli and sequenced. The plasmid with the
cassette PrbeBle-TrbcS was linearized with the restriction enzym®péd (New England
Biolabs, Catalog # R0133S) arg®hdl (New England Biolabs, Catalog # R0157%nd

abbreviated as pPrbd$e (Figure 4.1A).
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A g J— DvPrbceS - DvTrbeS — 3

B 5 e DvPrbeS egfp DvTrbeS e 3°

c e DyPrbeS . DvTrbeS 2X35SP | TPrbeS ICodon optimized CsTesA m_y

His-Tag
S'm== DyPrbcS DvTrbeS  p,prbes | TPrbeS M Codon optimized CsTesA — DvTrbeS =3’
D DvPrbeS
His-Tag
” . Codon optimized gRNA scaffold- gRNA scaffold- 2
E §'e DyPrbes o | DvTrbes AUGP m " rotyT M Poly T ’

NLS

Figure 4.1 Schematic of plasmid used in transformation (A) pPrbcSble, (B) pPrbcS-egfp, (C) p35StesA

(D) pPrbcStesAand (E) pPrbcSCas9 Plasmid elemenébbreviatios used:DvPrbcS,D. viridis promoter
ribulose bisphosphate carboxylase/oxygenase small sultlgitbleomycin;DvTrbcS, D. viridis Terminator
rbcS; egfp, enhanced green fluorescent giat 2X35SP, Dual Cauliflower Mosaic Virus promoter; TPrbcS,
Transit Peptide rbcSesA Thioesterase A; NOE, Nopaline Synthase Terminat@@as9,Clustered Regularly
Interspaced Palindromic Repeats associated proté&itUgpP, A. thalianaU6 promotergRNA, guide RNA. The
sequence information of the plasmids were provided (Figure8B.and Figure B.8).

PrbcS-egfp-TrbcS cassette development

Overlap extension PCR was performed to assemble individual fragments of the
transformatiorcassett¢Figure B.3. The overlap PCR primers used for the cassette assembly
were: PrbcSF2, egfPrbcSR2, egfpRPrbcS, TrbcSegfpR1, egfplrbcSF2 and TrbcSR2
(Table 4.2). The plasmids pPrbcS, pE@R¥P (Dept. of Biotechnology, NCSU) and pTrbcS
were used as template and thyelimg condition 2 (Table 4.3) was followed while overlap

PCR amplifications were performed. The overlap extension PCR product of the cassette
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PrbcSegfpTrbcS was cloned into the pGEM plasmid and transformed into the JM109
strain of E.coli and sequencedThe plasmid with the cassette Prim@pTrbcS was
linearized with the same restriction enzymes usddle pPrbcSble was digested and

abbreviated as pPrbesgfp (Figure 4.1B).

PrbcS-ble-TrbcS-2x35SRTPrbcS-tesANOS-T cassette synthesis

The sequences fno individual elements of the cassefftégure B.4)were assembled together
using Vector NTI software (Life technol®g). The sequence informatidar the 2x35SP
with 56 UTR of the Tobacco Etch Virus trans
Kamy Snger. The sequence of th@. salexigenscodon optimizedtesA with N-terminal
histidinetag was obtained from Dr. Amy Grunden (Dept. of Plant and Microbial Biology,
North Carolina State University). The nopaline synthase terminator {N&8quence was
acessed from NCBI (Genbank ID: AJ007624.1). The transit peptide (TRboS was
isolated from the genomic DNA @. viridis and used to import th€esA protein into the
chloroplast. The full length rbcS was amplified with the PCR primers: rbcSF1 and rbcSR1
(Table 4.2). The PCR cycling condition 1 was followed (Table 4.3). The amplified fragment
corresponding to band size of 2000 bp was cloned into the pGRMsmid and transformed

into the JM109 strain dE.coliand sequencegFigure B.4. The TP sequencd docSfrom D.

viridis was identified by comparing the full lengdi the rbcS sequence isolated from.

viridis to therbcSsequence ob. tertiolectaobtained from (49). The entire casse&e(re

B.4) was synthesized by Genscript (NJ, USA) and cloned into the pUC57 plasBadtat

restriction site. The pl asmi dE.coliamnsl sequereceds f or m
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The plasmid was linearized with the restriction enzyBaH| (New Enghnd Biolals,

Catalog # R0136S) and abbreviatedp358esA(Figure 4.1C).

PrbcS-ble-TrbcS- PrbcS-TPrbcS-tesATrbcS cassette synthesis

The sequences from individual elements of the cag$egere B.5)were assembled together

using Vector NTI software (Life techrajies). The entire cassett&iqure B.5 was
synthesized by Genscript and cloned into the pUC57 plasnBdratll restriction site. The

pl asmid was transf or mealiandnsegoencedihe plaBrhibwhs st r ai

linearized with the restriction epmeBanH| and abbreviated gsPrbcStesA(Figure 4.1D).

PrbcS-Cas9NLS-TrbcS-PUG-gRNAL-gRNA scaffold-polyT-PU6-gRNA2-gRNA scaffold polyT
cassette development

The Cas9sequencef Streptococcus pyogeness accessed from NCBI with the Accession
ID: 3572134 The Cas9coding sequencef S. pyogenesvas analyzed using the graphical
codon usage analyser tool (50) ahd output was provideFigure B.6).The codons were
optimized in theCas9 coding sequenceas perD. viridis nuclear genome codon usage as
described in chapter 3. Th&imian virus40 (SV40) nuclear localization signal (NLS)
sequence waaccessed fronfB9) and used tamport the Cas9 protein into the nucled$e
SV40 NLS sequence was analyzed for codon us&ggu(e B.7J and no optimization was
required as peb. viridis nuclear genome codon usage. BA®IONLS sequence wagidaced
in-frame and downstreamtite3 6 e n dcas@cbdon optinized sequencEhe regulatory
elementsPrbcS and TrbcSvas placed upstrea and downstream ohé codon optimized

Cas9with SV40 NLS. TheA. thalianaU6-26 gene promoter sequenaecessed fronf39)
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was used to determine if thgRNAs could be transcribed’he gRNAL andgRNA? target

sequences wergelectedrom the locus 1095 trascript 3/3 ofD. viridis transcriptome data

which shared sequence similaritytke nitrate reductase protein 6f reinhardtii ThegRNA

scaffold with polyT sequence for transcription termination was accessed (B&nand

pl aced at t lyRNAl3BadGdgRNAdarget sequemceBie sequences of individual

elements of the cassefteigure B.8)were assembled together using Vector NTI software

The entire cassettd-igure B.§ was synthesized by Genscript and cloned into the pUC57
plasmid atBanHIl and EcoRl restriction site. The pl asmi d was transfor
strain of E. coli and sequenced’he plasmid was linearized with the restriction enzyme

BanmHI and EcaRl (New England Biolabs, Catalog # R010X8)d abbreviated gsPrbcS

Cas9(Figure 4.1E).

Dimer Cytochrome FAD
— . - COOH
NH, [T interface b binding

Figure 4.2 Functional domains of the nitrate reductase gene fronD. viridis (43). MO-MPT, molybdenum
molybdopterin binding domain; FAD, Flavin Adenine Dinucldet NADH, Nicotinamide Adenine
Dinucleotide.

Transformation by electroporation

The plasmids pPrbe&gfp(Figure 4.1B)and pPrbcsle (Figure 4.1A)were transformed into

D. viridis using the modified electroporation protocol as described betJa 2012 (51).
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200 pL of D. viridis cell suspension (2 x I@ells mL*) and 10 pg of plasmid DNA (5ug of
linear and 5 pg of circular DNA) were combined into a sterileghiled 0.4 cm cuvette
(Gene Pulser, BiRad, Catalog # 163081) and placed on ice for 10 minutes.
Electroporation was casil out using the PC module of gene pulser X¥e{Bio-Rad,
Catalog# 162660). To test the effects of voltage and capacitance combination on the
transformation efficiency, a high voltage (1000V) and low capacitance (10 pF) at constant
resistance (40@, ) a medium voltage (800 V) and medium capacitance (25 pF) at constant
resistance (40Q@ ) a tod voliage (600V) and high capacitance (50 pF) at constant
resistance (40q) respectively was applied. As a neg
the surwal rate after electroporation, 2Q€L of D. viridis cell suspension culture was
subjected to the electroporation procedures without the plasmid DNA. After electroporation,
the cuvettes were placed back on ice for 10 minutes. The cells were then trdrisbenrthe
cuvette to sterile #vell-plates, containing 4 mL of fresh growth media A in each well for
sub-culturing, and then immediately placed in the dark for 12 hours at 25°C followed by a
recovery phase of 72 hours in a 12 hr light/ 12 hr dark cyc%C. The cells transformed

with the egfp gene after recovery were screened using the confocal scanning procedure as
described. The cells transformed wiile gene were selected for resistance to zeocin after

recovery as described.
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EGFP fluorescence detetion

1 ml of culture from theD. viridis cells transformed with the plasmid pPrbe§p (Figure

4.1B) both by electroporation and glass beads were pelleted (5000 rpm, 2 mins) in a

mi crocentrifuge. About 960 €L of sgemghe r nat al
resuspended in the leftover supernatant. For observation under the microscope, the cells were
embedded in lovgelling-temperature agarose (type VII agarose, Sigma A4018) by mixing 4

eL of cells with 4 €L of me | owehdmedia A3 ¥he agar o
negative transformation control culture was processed using the same method as described

for experimental cultures before microscopic observation. EfaféiPescence was observed

in the cells using a Zeiss LSM 710 confocal microscope. E@RP detected with an

excitation of 488 nm argon laser and images were captured in three emission channels. EGFP
fluorescence, plastid autofluorescence, and bright field were detected wii1888n, 588

696 nm, and DIC filters, respectively. The pinhslée ze was set to- 68 &em

Apochromat 40x/1.1 W Korr M27 wat@mmersion objective.

Selection of zeocin resistant cells

For selection of zeocin resistant phenotypes, the cells after recovery (~ 4 mL) were
embedded in 10 mL of 0.8% agar M growth naedi and 200 pg/mL of zeocin at room
temperature and transferred into peatps (VWR, catalog # 2538R4). The embedded

cells wereplaced under continuous light at 21°C for 30 days. The negative transformation
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control was embedded using the same proeedarthe experinmgal cells with and without
thezeocin. After 30 days, the plates were moved to 12 hr light/ 12 hr dark cycle at 25°C and

monitored for the development of zeocin resistant colonies.

Transformation using glass beads

The plasmids pPrbe&gip (Figure 4.1B)and pPrbc$le (Figure 4.1A)were transformed into

D. viridis using the modified glass beads protocol as described by dtealg2009 (18). A

stock solution containing 20% (w/v) PEG (Relative molecular weight: 8000; Sigma (Catalog
# P5413) was prepared using 1M NaCl and added to cell suspension (ZeltkOmL?) to a

final concentration of 5% PEG for pretreatment immediately before transformation. To a
sterile microcentrifuge tube containing 0.3 g of glass beads (0.5 mm diameter; &io Sp
Products, Catalog # 11079105), 700 pL of pretre@ediridis cell suspension, 10 pg of
plasmid DNA (5ug of linear and 5 ug of circular DNA), and 100 uL of 4% PEG (w/v)
prepared using 1M NaCl were added. Subsequently, the tubes were gently inverted and
agitated at 2400 RPM (~40 Hz) in a vortex mixer genie 2T (Scientific Industries, Inc.) for 15
secondsAs a negative transformation control and to test the survival rate after mechanical
stress due to glass beads, T0of D. viridis cell suspension culte was subjected to the
glass beads transformation procedures without the plasmid DNA. The cells were recovered in
the same procedure as described under transformation using electroporation. The cells
transformed with theegfp gene after recovery were sened using the confocal scanning

procedure as described. The cells transformed bldlyene were selected for resistance to
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zeocin after recovery as described. We tested agitation times of 10, 15 and 25 secs in the

transformation protocol to evaluate itheffect on the transformation efficiency.

PCR Analysis ofblein transformants

Genomic DNA from zeocin resistant lines and transformation control cel3. afiridis
maintained on 0.8% agar M growth media A in the absence of zeocin was extracted using a
instagen&” matrix (Bio-Rad, Catalog # 738030). Briefly, a single colony was picked using

a sterile pipette tip and transferred to a sterile microcentrifuge tube containing 50 pL of
instagen&” matrix. The cells with the matrix were resuspended andbated at 100°C for

10 minutes followed by cooling at 4°C for 10 minutes. The cells were vortexed at medium
speed followed by centrifugation at 13000 rpm for 1 minute at 4°C. 1 ul of the supernatant
containing the isolated genomic DNA was used for a 20 @R Reaction volume. PCR
amplification ofble gene from isolated genomic DNA was performed usingTig DNA
polymerase PCR kit (New England BioLabs, Catalog # M0273L) with the primer pairs:
bleF:PrbcS and Trbc®leR1 (Table 4.2). The plasmid pPrbote (Figure 4.1A)was
included as a positive control. The PCR cycling condition 3 was followed for ble
amplification (Table 4.3). The band corresponding to the expected PCR product of 434 bp
was cut and purified from the gel using QIAquick gel extraction kd aanfirmed by

sequencing.

236



Southern blot analysis

For theSouthern blot analysis, the colonies that tested positive for the presethesotd by

PCR and the transformation control colonies were transferred from 0.8% agar M solid
growth media A to 50 mliquid growth media A for sueulturing without zeocin. Five day

old cell cultures were harvested by centrifugation (2000 rpm for 5 mins) and genomic DNA
was isolated using modified protocol as described by Dogeal 1987 (47). Digoxygenein
(DIG) labeled experimental probes to hybridize and detect the presende wls PCR
amplified from the plasmid pPrbd3e (Figure 4.1A)using the PCR DIG probe synthesis kit
(Roche, Catalog # 11636090910) with the following primers blfEES and TrbcBleR1
(Table 4.2) and the cycling condition 3 (Table 4.3). Approximately 25 pg of genomic DNA
from zeocin resistant lines and the transformation control were digestedNeath(New
England Biolabs, catalog # R0193S) at 37°C overnight. Digested fragments of DHA wer
separated on a 0.8% agarose gel, transferred to positively charged nylon mer((BEane
healthcare life sciences; Catalog# RPN119B), and hybridized at 56°C wittab#@dble

gene fragments. The DIG labelete probe was detected using the DIG chemiluescent
protocol with substrate CDBtar, ready to use (Roche, Catalog # 12041677001) as described

by Roche and exposed onray film.
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Transformation of the extremophile C. salexigensesAgene

The plasmids p35&sA (Figure 4.1C) angPrbcStesA(Figure 4.1D) were independently
transformed into the cells @f. viridis using glass beads transformation protocol as described
in this study with an agitation interval of 15 secs. To test the effect of form of plasmid DNA,
on transformation efficiency dhe tesA gene, 10 pg of linear DNA and 10 pg of circular
DNA were used independently per transformation trial. The transformation trial was carried
out with two technical replicates each for the experimental and negative transformation
control. The cells transfored withtesAgene were selected for resistance to zeocin after

recovery as described in this study.

Stability analysis of zeocin resistant lines

For stability analysis ofhe ble gene, the zeocin resistant embedded colonid3. ofiridis
were individuallytransferred either to a 0.8% agar M growth media A with 100 mg/L of
zeocin or into 1 mL of liquid growth media A with 75 mg/L of zeocin. The cells were placed

under 12 hr light/ 12 hr dark cycle at 25°C and monitored for their resistance to zeocin.
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Targeted mutagenesis to knock ouhe nitrate reductase gene oD. viridis using

CRISPR/Cas

Chlorate sensitivity test on cells of D. virigisovidedwith different nitrogen sources

Five day old cell cultures in growth media A were pelleted by centrifugé®000 rpm, 5
mins). The pellets were resuspended either in growth media A, B Nt e cells under

each growth media type were subjected to four different concentrations ot KI5, 5

and 10 mM) and placed under 12 hr light/ 12 hr dark cycle ‘@@.25 a separate experiment,

cell pellets were resuspended in growth media A containing four different concentrations of
KNO3 (0.05, 0.5, 1 and 2.5 mM). The cells under different Kh@hcentrations were treated
with a constant KCIQconcentration (2.5 mMand placed under 12 hr light/ 12 hr dark cycle

at 25°C. The cells were monitored qualitatively to detect the effect of chlorate toxicity.

Transformation protocol

The plasmid pPrbc€as9 (Figure 4.1E)was transformed into the cells Bt viridis using

glass beads transformation protocol as described in this study with an agitation interval of 15
secs. To test the effect of form of plasmid DNA, on transformation efficienGas®gene,

10 pg of linear DNA and 10 pg of circular DNA were used independgeatiytransformation

trial. The transformation trial was carried out with two technical replicates each for the

experimental and negative transformation control. After transformation, the cells were

recovered as per the procedure described in this study.
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Saeening for D. viridis nitrate reductase defectivemutants

Nitrate reductase defectiveutants ofD. viridis were screened usirmmodified protocol as
described by (43). The transformed and the negative transformation control cells after
recovery werepelleted by centrifugation (2000 rpm, 5 mins). The pellets from the
transformed cells were washed with Nogrowth media and then incubated in Mayrowth

media containing 60 mM KCI© The pellets fronone ofthe negative transformation control
were washedand incubated with only ndl growth media. This control was included to
determine that the effect of nitrogen starvation did not kill the cells. The pellets from the
other negative transformation control were washed with noN growth media and also
incubatel in noN growth media containing 60 mM KGOThis control was included to
determine that the cells were dead due to the chlorate toxicity. The cells under incubation
were all placed under continuous light for 12 hours at 21°C. After incubation, both the
transformed and the control cells were pelleted by centrifugation (2000 rpm, 5 mins). The
pellets were washed with noN growth media and then embedded with 14 mL of 0.8% agar M
growth media C at room temperature. The embedded cells were placed under aentinuo

light at 21°C and allowed for selection
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Results

Sensitivity of D. viridis to zeocin

200 mg/Lof zeocinwas found to be effective in killing the wilype D. viridis cellsat1 M

NaCl concentration in solid={gure 4.3 and liquid mediaKigure 4.4 by day 14. The effect

of zeocin on cell death response was higher when the cell density tested’walsifL

than 2 x 10 cells/mL Figure 4.3. 100 mg/L of zeocin was not found to be effective in
killing the cells even at T@ells/mL (Figure 4.3. This was confirmed by observing the cells
under the microscopéecausdew cells were motile and alive. In addition, the cells treated
with 100 mg/L of zeocin when inoculated in fresh liquid growth media A reverted its growth
in the absence of zeocin after 3@yd (Figure B.9). Théact thatcontrol cells were healthier

on day 14 indicates that the cells were not starved of nutrieigisré€ 4.3.

In liquid media, the cells when treated with zeocin from 5 mg/L through 20 mg/L kept
growing at both cell densitiggsted, but slightly slower than the control cekgy(re 4.4.

This explained that the cells were resistant to zeocin concengatqral to or lesthan 20
mg/L. The cells when treated with zeocin from 40 mg/L through 500 mg/L did not grow but
were nt completely deadRigure 4.4. The cells treated with zeocin from 5 mg/L through
100 mg/L when inoculated ifmesh liquid growth media A were found to revert thgriowth

in the absence of zeocin after 30 days (Figure BTL@. cells treated with zeocfrom 200
mg/L through 500 mg/L were not reverting thgmowth (Figure B.10). This confirmed that

200 mg/L of zeocin was sufficient to kill the cells@f viridis.
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Final cell concentration in each well: Final cell concentration in each well
10’ cells/mL 2 x10 cells/mL
Day 1 ——— —
//e\ v =i
Day 7
Day 14

Figure 4.3. Zeocin sensitivity test forgrowth of D. viridis in 0.8% agar M growth media A. Cell pellets

were mixed with 4 mL of 0.8% agar M growth media A and wiezated withzeocin concentrations from100
through 1000 mg/L. Control cells were embedded using the same media without zeocin. 200 mg/L of zeocin
was effective in killing the wileype cells on day 14 under both cell densities tested.
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Figure 4.4. Zeocin sensitivity test on growth ofD. viridis in liquid growth media. The X-axis represents
time in hours when cell densities were measuredtlamdl -axis represents cell density measured uaifi@10
automatic cell counter (BiRad). Cell pellets were resuspended in 4 mL of liquid growth media A and were
treated withzeocin concentrations froh00 through 1000 mg/L. Final concentration of cells tested: 10
cells/mL (A) and 2 x10cells/mL (B) Contol cells were resuspended using the same media without zeocin.
200-500 mg/L of zeocin were effective in killing the witgpe cells under both cell densities tested.
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Low voltage and high capacitance combination was optimal for electroporation

transformation

Transformationof D. viridis by electroporation was tested using three different conditions as
describedin the materials and method# was found that low voltage (600 V) and high
capacitance (50 upF) was optimal fgene transformation by electroption. EGFP
expression was detectedderall the parameters of electroporation, although the number of
cells expressing EGFP was comparatively higher utaervoltage and high capacitance

than other conditions.A representative image obD. viridis cells expressing EGFP
fluorescence after 86 hours of transformation usnigw voltage and high capacitance
combination was shown using filters of wavelength-886 nm (Figure 4.5). Wheafilter
wavelength between 5806 nm was used, only plastid afllorescence was detected and

the EGFP fluorescence was absent as expected. In the overlay, a clear differentiation between
EGFP fluorescence and plastid autofluorescence was observed (Figure 4.5). The negative

transformation control did not show any EGitR®rescence as expected (Figure 4.5).
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Figure 45. EGFP fluorescence scanning using microscopy Ib. viridis transformed with no plasmid DNA

(A) and cells transformed with plasmid pPrbcSegfp (B) by electroporation. Microscopic observation was
conducted on cells after 86 hours of transformation by embedding in agarose using a Zeiss LSM 710 confocal
microscope (488 nm argon laseE)GFP fluorescence, plastid autofluorescence, and bright field were detected
with 485510nm, 588696 nm, and DIC filters, respectively.

The transformation efficiency dfle under low voltageand high capacitance wad10 cfu

per million cellsand was higher than the transformation efficiency obtained under medium
voltage and mediumapacitance and high voltage aavicapacitance which was ~51 and
~10cfu per million cellsrespectively (Table 4.4). A representative plate image showing the
zeocin resistant colonies transformed wiite by electroporation and glass beads was
provided Figure 4.6). The negative transformation control when not treated with zeocin was
green and did not shosgigns of nutrient deprivatioeven after 30 days (Figure 4.6). The

negative transformation control when treated with 200 mg/L of zeocimb@ell gravth as
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expected (Figure 4.6). The zeocin resistant colonies were observed in plates after 45 days of
transformation and were found to be embedded inside the 0.8% agar M growth media A

(Figure 4.6).

Table 4.4. Transformation efficiency of D. viridis transformed by electroporation and glass bead<Cells
transformed with plasmid pPrbdse by electroporation or glass beads were embedded in 0.8% agar M growth
media A with 200 mg/L of zeocin. The coloforming units (cfQ resistant to zeocin were counted in each plate
and the transformation efficiency wadadated as the ratio of the cfu per million cells

Transformation
Transformation . Colony Forming Units | efficiency (cfumillion

method Condition (cfu) cells)

Electroporation Low voltage, High 440 ~110
capacitance

Electroporation | Medium voltage, medium 205 ~51
capacitance

Electroporation High voltage, Low 39 ~10
capacitance

Glass beads 10secs shaking time 0 ~0
Glass beads 15 secs shaking time 1075 ~67
Glass beads 25 secs shaking time 830 ~52
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Glass beads Electroporation

Negative

transformation
control treated
with no zeocin

Negative
transformation
control treated
with 200 mg/L

of zeocin

Cells
transformed
with pPrbc$ole
treated with
200 mg/L of
zeocin

Figure 46. Representative image of plates showing colonies &f. viridis resistant to zeocin. Cells
transformed with plasmid pPrbdse by electroporation and glass beads were selected by embeddirg&§6n
agar M growth media A witlzeocin concentration of 200 mg/L. The negative transformation control cells

treated with 200 mg/L of zeocin were all dead.
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Intermediate agitation timing wasthe optimal for glass beads transformation

Transformation by glass beads was tested using three different conditi@nsvindis as
described in thenaterials and methodk.was found that medium agitation interval of 15

secs was the optimal fdransformation by glass beadsDn viridis. EGFP expression was
detected under all the agitation intervals used, although the number of cells expressing EGFP
was comparatively higher undagitation interval of 15 secs tharther agitation intervals

testel. The transformation efficiency dile under agitationnterval of 15 secs was ~67 cfu

per million cellsand was slightly higher than the transformation efficieunder 25 secs

which was 52 cfu per million cells(Table 4.4). Cells transformed witile under agitation

interval of 10 seconds did not produce any colonies resistant to zeocin.

PCR and Suthern blot analysis of transformants

Thirty zeocin resistant colonies were selected from plates transformed with plasmid-pPrbcS
ble (Figure 4.1A) byelectrgoration andglass bead$or PCR screening. A representative
PCR gel image showing the successful amplificatiorbleffrom transformed lines was
provided (Figure 4.7). A PCR product of ~434 bp was obtained in the colonies transformed
with the ble gene (Fgure 4.7). Lanes -3 representedbdle transformants obtained by
electroporation and lanes74representedle transformants obtained by glass beads and all
the transformants tested-{) were positive. The negative transformation control was not

showing anyPCR product and the plasmid DNA positive con{féigure 4.1A) showed a
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promising PCR product of 434 bp as expected (Figure 4.7). The PCR product from few
transformant lines were gel purified and sent for sequencing. The sequencing results were
positive aad showed 100% sequence similarity with bhe gene coding sequence (data not

shown).

1000 bp

500 bp

434 bp

Figure 4.7. PCR analysis to detect the presence of tHde in D. viridis. Genomic DNA was extracted from

the colonies resistant to zeocin and from the negative transformation control and used for PCR screening. Lanes
1-7 were transformants analyzed, Lane M was the galer 100 bp plus DNA ladder used, Lane WT was the
negative transformation control and lane P was the plasmid DNA positive c(ffifote 4.1A). The marker

size in base pairs (bp) was indicated at right.

For Suthern blot analysis, the colonies tested positive for the presettelnf PCR were
sub-cultured in liquid growth medid and genomic DNA wassolated TheNcd digestion

of genomic DNA from transformants and the negative transformation control waessfud
(Figure 4.8A). The blot showed that the hybridization procedure followed was successful
since the DIG labeletlle probe was able to bind to the PC and PL positive controls and

produced a strong signal (Figure 4.8B). Due to the difference in theday structure of
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PC and PL, the hybridization bfe probe with the plasmid DNA produced signal at different
distance with respect to the well in the gel (Figure 4.8B). Clearly there was no signal for DIG
labeled ble probe hybridization in lanes-4 repesenting the transformants. The lane
representing the nagve transformation control didot produce any signal as expected
(Figure 4.8B). Although, some napecifc bands with low background weobserved from

both the transformants and witgpe in tre blot at the same position (Figure 4.8B).
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20000 bp

5000 bp

1500 bp

500 bp

Figure 4.8. Southern blot analysis to detect the integration of thele in genomic DNA ofD. viridis. Zeocin
resistant colonies and the negative transformation control were transferred to fresh liquid growth media A
without zeocinfor genomic DNAwas isolation (A). 25 pg of genomic DNA was digested wihcd and
electrophoretically separated on a 0.8%rage gel. Lanes-4 were transformants analyzed, Lane WT was the
negative transformation control, Lane PC and PL was the plasmid circular and linear DNA positive control and
Lane M was the gene ruler 1 Kb plus DNA ladder (B). DNA bands from gel werdetnaasto a blot,
hybridized with a DIG labeled probe (434 bp). Arrows represented the successful detection of the DIG labeled
ble probe in plasmid DNA positive contréfrigure 4.1A). The marker sizes were indicated at left in base pairs

(bp) in (A).
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Transformation of the extremophiletesAgenein D. viridis

The plasmids p35&sA(Figure 4.1C) and pPrbetesA(Figure 4.1D) were transformed into

D. viridis using glass beads. The cells transformed with circular plasmid perbagave

~30 zeocin resiant colonies in one of the technical replicates after 45 days of selection
under 200 mg/L of zeocin. The linearized plasmid pPses® (Figure 4.1D) did not
produce any zeocin resistant coloni€lse transformation control cells grown without zeocin
weregreen and did not show signs of nutrient deprivation even after 30 days in culture. All
cells were dead in the negative transformation control with 200 mg/L of zeocin as expected.
The cells transformed with both the linear and circular form of plasmid-ES&gFigure

4.1C),did not produce any colonies.

Stability analysis ofble resistant lines

About ten zeocin resistant colonies obtained after transformation with the circular plasmid
pPrbcStesAwere transferred into a freshly made 0.8% agar M growth medium A containing
100 mg/L of zeocin. These initially zeoeiasistant colonies died after subculturing in 100
mg/L of zeocin. The remaining 20 zeoc®sistant colonies were inoculated into liquid
growth media A containing 75 mg/L of zeocin. These cultures were unable to survive even
under 75 mg/L of zeocin. The results indicated that the transformants lost their plasmid

carrying theble gene during subsequent cultivation both on solid and ligwditth media.
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Chlorate as an analog of nitrate under no nitrogerconditions in Dunaliella

Cell cultures in growth media containing 5 mM KplGnder different concentrations of
KClO3z;were not affected by chlorite toxicignd were growing similar to controélls grown
under 5 mM KNQwith no KCIG; (Figure 4.9). However, whetlhe KNO3 concentration in
growth media was equal to or lower tha’s mM cells were dead due to chlorite toxicity
(Figure 4.10)Cells in growth media containing no nitrogamder diffeent concentrations of
KCIO3; were all dead due to chlorite toxicity (Figure 4.9). The control cells in no nitrogen
growth media and with no KCKvere alive, indicating that nitrogen deprivation was not the
cause of cell death. Cells in growth media com@n5 mM NaNQ under different
concentrations of KCl@were not affected by chlorite toxicity and were growing similar to

control cells grown under 5 mM NaN@ith no KCIG; (Figure 4.9).
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5mM KNO3

No N

5 mM NaNQ

Figure 4.9. Chlorate sensitivity test onD. viridis under different nitrogen sources Cells ofD. viridis were
subjected to four different concentrations of KgI@, 2.5, 5 and 10 mM) under different nitrogen sources
(KNO3z, no N and NaNg) containing growth media. Qualitative monitoring of cell growth was performed for
120 hours. Different nitrogen sources were indicated in the left and the increasing concegteatioent of
KClOzwas indicated at the top.
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Figure 4.10. Chlorate sensitivity onD. viridis under varying concentrations of nitrate on day 1 (A) and on
day 7 (B). Cells of D. viridis under different KN@ concentrations containing growth media (2.5, 1, 0.5 and
0.05 mM) were treated with constant KGl€@ncentration of 2.5 mM. Qualitative monitoring of cell growth
was performed for 7 days. Chlorate acts as an analog of nitrate whenveedd grown in growth media
containing less than or equal to 2.5 mM KNO

Transformation of CRISPR/Cas construct to knock out nitrate reductase irD. viridis

The plasmidpPrbcScas9 (Figure 4.1E) was transformed inf. viridis to knock out the
nitrate reductase gene by targeting simultaneous deletion in tigbdopterin binding
domainand the dimer interface region of the gene (Figure 4.2) using CRISPR/Cas. It was
found that the cells transformed with either the linear or circular plgsRrioccScas9did not
produce any colonies. During selection, the transformed cells were incubated under no N
containing growth media and with 60 mRCIO3. This should have resulted in killing all the

wild type cells but not the nitrate reductadefectivelines. It was found that the nitrate
reductasedefective colonies were not formed until 30 days. However, the experimental

controls behaved as expected which indicated that the selection procedure used was working.
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The negative transformation control seihcubated under no N and no KGMere alive.
This indicated that the cells were not affected from incubation under nitrogen starvation
media. The other negative transformation control under no N but in the presence of 60 mM
KCIO3 incubationshowed no dé growth. This indicated that th®. viridis cells had the
ability to uptake chlorate undéne no N condition and convertatlinto chlorite ions. The

chlorite ions were toxic to the cells and caused cell death.

Discussion

Antibiotic sensitivity on cell growth of Dunaliella

From our previous research efforts, we determined the antibiotic concentration required for
killing the wild-type cells of Dunaliella spp. for application in nuclear or chloroplast
transformation selection studies. The informationvgled in Table 4.5 was kindly provided

by Dr. Marie-Laure Sauer, a former member of our lab.
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Table 45. Antibiotic sensitivity test summary on representative species dunaliella grown in 2M NaCl
growth media. Cells with identical cell density were tested under various concentration of antibiotic. The
values in each cell represent the final concentration of antibiotic needed to kill thypéldells ofDunaliella.

Not effective means that the cells were stsit to the maximum concentration of antibiotic tested.

Selection agent D. viridis D. salinaLB200

NUCLEAR TRANSFORMATION

Chloramphenicol 800 mg/L 400 mg/L

Hygromycin Not effective even at 100( Not effective even at 1000
mg/L mg/L

Kanamycin Not effective even at 1000 Not effective even at 100(
mg/L mg/L

Zeocin 200 mg/L 80 mg/L
(not 100%)

Phleomycin Not effectiveeven at 20 mg/L | 10 mg/L

Paromomycin Not effective even at 1000 Not effective even at 1000
mg/L mg/L

Phosphinothricin (BASTA) Not effective even at 1000 Not effective even at 1000
mg/L mg/L

CHLOROPLAST TRANSFORMATION

Spectinomycin 1000 mgL Not effective even at 100(
(not 100%) mg/L

Erythromycin 2 mg/L 10 mg/L

In this study, it was determined thatzeocin concentration of 200 mg/L was found to be
effective in killing the cells oD. viridis under 1M NaCl concentration (Figures 4.1 and 4.2).
From our efforts to understand the effect of antibiotic sensitivity on celmioéliella, it has

been concluded that the cells were resistant to most of the antibiotics tested (Table 4.5). Even
if cells were sensitive to an antibiotic, the concentration of antibiotic used was of higher
concentration (Table 4.5). THa. viridis cells were testd for antibiotic sensitivity at 2 M

NaCl concentration, which might have had an impact on the efficiency of the antibiotics
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(Table 4.5). Previous studies had shown that commonly used antibiotics such as
streptomycin, kanamycin, hygromycin, spectinomyand geneticin were unable to inhibit
growth of D. salina at a concentration of 1200 mg/L and the cells were sensitive to
chloramphenicol and zeocin at a concentration of 400 mg/L and 100 mg/L respgdiyely
From these results, it was concluded thategithe amount of NaCl concentration present in
the media was reducing the efficiency of the antibigf& or the cells were not having the
transporters to uptake the respective antibiotics. Labeling thetypi&cells ofC. reinhardtii

with L-[methyC] phosphoinothricin, demonstrated the resistance of the cell to
phosphoinothricin due to the lack of phosphoinothricin transport into thg(s8)ls

Dunaliellais a halotolerant green alga which can grow in environments with varied salinities
from 0.05 to 5.5 M NaCl concentratigh). For example, growth was found to be optimal at
1M NacCl in cells ofD. bardawil (19) andD. tertiolecta(11) whereas cells oD. sdina had
optimal growth at 21 NaCl containing medig8). The inverserelationshipbetween the
NaCl concentration and hygromycin resistance was observed in the dellbardawil (19).

It was found that lowering the NaCl concentration from 1 M to 0.28ulted in killing all

the wildtype cells ofD. bardawil at a lowerhygromycin concentration of 100 mg/L.
Therefore, an experiment to determine the effect of varying NaCl concentratidime on
antibiotic sensitivity ofD. viridis should be included as a future work in this study. In
addition, it is important te@onsider if the reduction of the NaCl concentration ingrevth
media had an impact on the cell divisionDofviridis. In that scenario, gradual reduction of

the NaCl conentration should be done so that the cells get adapted to changes in salinity.
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Comparison of glass beads and electroporation for nuclear transformation dd. viridis

In this study, the transformation efficiency e§fp was relatively highewith an agitaton

interval of 15 secs anghderlow voltage and high capacitance (Table 4.4). Mechanical force
transformation using glass beads worked better than electroporatianvindis for EGFP
expression. However, this conclusion should be verified by incigpdisensample size next

time, because this study had only one sample for each condition tested. In addition, the
number of cells expressing EGFP per total number of cells observed should be determined in
the future to calculate the transformation rate efficy. EGFP expression detected was
transient in cells oD. viridis, since there was a loss of EGFP expression observed after 60
days of subsequent cultivation (Figure 4.5). Tdudp used was originally isolated from
jellyfish Aequorea victoriaand codoroptimization of this gene was not performed before
transformation inD. viridis. From the discussion in chapter 3, it was predicted that the
change in codon at position 23 from GTA to GTGegfpcoding sequence would be better

to increase the expressiori BGFP in D. viridis. Interestingly, it was found that the
expression of EGFP was successful without any codon optimization, indicating that the
codon usage dbunaliellawas not that stringent in heterologous protein expression.

In the case dble transfamation ofD. viridis, it was found that transformation efficiency was
greater under low voltage and high capacitance using electroporation and under 15 secs
agitation interval using glass beads (Table 4.4). Electroporation achieved ~ 1.6 fold greater

trarsformation efficiency otble than glass beads iD. viridis. However, this conclusion
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should be verified by increasing the sample size next time since this study had only one
sample for each condition tested.

Electroporation resulted in higher transforroatefficiency ofble than glass beads in cells of

D. viridis. However, it is important to consider survival factor of the number of cells after
each method of transformation used. It has been sho®nsaling that the number of cells
survived after trasformation of the GUS using electroporation was ~58% and using glass
beads was ~90%d8). The survival rate of cells dd. viridis should be calculated in future

after transformation using electroporation and glass beads in this study.

Episomal integration of blein D. viridis

PCRanalysis from zeocin resistant transformed lines confirmed the successful amplification
of ble (Figure 4.7). However, Southern blot analysis failed to detect the integratide iof

the nuclear chromosomes of all the transformed lines analyzed (Figure 4.8). The DIG labeled
ble probe was not able to hybridize the, indicating the episomal localization of the
plasmid pPrbcle (Figure 4.1A) in the transformed lines (Figure 4ybridization of the

DIG labeledble probe with both the linear and circular plasmid DNA positive controls
confirmed that the Southern blot hybridization protocol used was working atdetheobe
amplified by PCR DIG labeling was successful (Figure.4T8)ese results show that the
colonies retained their episomal plasmid DNA during the detectibteddy PCR. However,

when the same colonies were sulitured for isolation of genomic DNA in Southern blot

analysis, the cells lost their episomal DNA dgrithe subsequent cultivation. This was
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mainly due to the lack of selection pressure due tecsithiring in the absence of zeocin.

This clearly indicates that the transgene was not stably integrated in the nuclear geDome of
viridis. This trend was obsezd in all the transformed lines analyzed irrespective of the
transformation method used (Figure 4.8).

The lack of stable integration of the gene is not uncomm@uialiella, since another study

also addressed the same problem when cell®.dalina were transformed wittble by
electroporatior(17). The authors confirmed that the plasmid DNA carryinghieegene was

found to be episomal by southern blot analysis. The cells were able to pass the episomal
DNA carrying the transgene during the mitoticl ciVision, although, the progeny cells were

able to retain their resistance to zeocin only for 6 mofitii}s

Stability analysis ofble transformants in D. viridis

Thirty zeocin resistant colonies were obtained after transformation of the c&lsvinfdis

with the plasmid pPrbc&sA (Figure 4.1D). None of those colonies were able to maintain
their resistance to zeocin during subsequent cultivation either in solid or liquid media. The
concentration of the zeocin used in solid and liquid media duribgesuent cultivation of

the transformed lines was reduced to 50% and 62.5% when compared to the zeocin
concentration used while initial embedding. This ensured that the strength of the zeocin used
during subsequent cultivation was not the reason behihigkihe transformed lines in this
study. The transformed cells may have more moisture while initial embedding, but when the

cells were transferred onto the surface of the solid media, there are chances that the cells
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might lyse once the agar gets driecwéver, the lack of moisture may not be the reason for
not being able to maintain the zeocin transformed lines in liquid medevcé@ll wallless

strains ofC. reinhardtii hadconsiderable lower plating efficiencies than those that synthesize

a wall (54). It was reported that the wdbss strains o€hlamydomonasvhen spread onto

the surface of solid media, gittened and lysed as the surface dii@gdl). The authors of

the study predicted that the cell death might be due to the loss of moisture trewads

(54). Hence, the authors of the study tested plating the cells in different supporting media
such as sodium alginate, mineral oil, soft agar, starches of various grains and various water
soluble or insoluble polymers respectivéby). It was faund that by embedding the cells in a
suspension of corn starch resulted in the increased plating efficiency of strains CC3395 and
CC425 respectively. This might be the reason that thenadlllackingD. viridis grew better

when embedded but not duringetit transfer onto the solid surface. The alternatives for agar

M could also be considered for preparation of solid media in this study. For example, phytal
(Sigma) showed improved plating efficiency Df salina cells after transformation by

electroporatn (17).

Evidence for transient and stable nuclear expression in algae

Both glass beads and electroporation have been used for successful transient and stable
integration of the transgene into the nuclear genome of some of the green algae which are

discused below.
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Chlamydomonas

Stable transformation of a nitrate reductdsgectivestrain (it1-305) of C. reinhardtiiwith a
plasmid containing the structural gene for nitrate reductase was performed using glass beads
(55). The efficiency of transformatioaf endogenous nitrate reductase gene observed was
~1000 transformants/ug of DNASS). Successful stable integration of the hygromycin
phosphotransferasehff) was obtained in cells o€W-15 mutant of C. reinhardtii by
electroporation(56). The transformadin efficiency ofhpt gene driven bySimianvirus 40
promoter was ~1000 transformants/million recipient cé€l6). The cells were able to
maintain thehpt gene without the hygromycin selective media for over 350 generg&6ns

High efficiency nucleatransformation has been shownGnreinhardtii CC3395 and CC425
strains when transformed with plasmid containhBG7 gene by electroporatio54).
Transformation efficiency obtained was 200000 transformants per pg of DNA which was
reported to be two orde of magnitude higher than the glass beads transformatatacol

used to transform exogenous DNA in@ reinhardtii (54, 55) Stable integration of the
ARG7gene into the nucleagenome of the transformants weerified using southern blot
analysis whth made this protocol more reliable for nuclear transformation systems in algae
(54).

Nannochloropsis

Previous research efforts to genetically transfédnoculatawas successful, although the
loss of transgene after 1.5 months of cultivation indicatecaisence of stable integration of

the transgene into the genorfi/, 58) In N. gaditana CCMP526, transformation dfle

263



using e n dtobglie pmater Hy electroporation resulted in a transformation
efficiency of 12.5 x 18 colonies/cell(59). Southern blot analysis afters4months of cell

growth confirmed the presence of integrabéginto the nuclear genon{&9).

Dunaliella

From the existing literature, it was found that stable integration of the transgene was not
achieved in most of thauclear transformation trials iDunaliella spp Transformation

efficiency of GUS inD. salinawas significantly higher when glass beads was used for
transformation than electroporation or particle bombardr(8) Transient expression of

GUS gene driverby the CaMV35S promoter and NOS terminator was detected until 48
hours after transformation and the expression was completely lost after 5(18ys
Transformation efficiency of GUS gene was calculated as the ratio of blue cells per total
number of cellgested and found to be ~5.9% when glass beads was used and ~2% and ~1%
when electroporation and particle bombardment were used respe(ti8glyhe integration

of thebar gene inD. salinawas not verified by standard Southern blot analysis protocol and
hence it was not clear if the transgene was maintained in the episomal plasmid DNA or
integrated into the nuclear genoii8).

In D. saling maize ubiquitrhg pr omoter (q refers to 50 | ead
virus) was tested in comparison to foother different promoters (CaMV35S, ubiquitin,
ubiquitin-q , C a MubRwbtiS and CaMV35&ibiquitinq ) for transient e
GUS using electroporatio(lL5). After 48 hours of transformation, the cells Df salina

transformed with GUS driven by wuhiitinn-q pr omot er had a signific
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activity compared to other promoters tes{¢fl). In the same study, stable integration of the
HBsAg transgene and the chloramphenicol acetyltransferase (CAT) was refif)ed
Approximately 1060 colones/1§ cells transformed were found to be resistant to
chloramphenicol(15). Stable integration of the transgene HBsAg ibto salina nuclear
genome was verified by PCR and Southern blot in cells maintained devoid of
chloramphenicol for 60 generatio(5). In addition, the western blot analysis confirmed a
24 kDa protein corresponding to HBsAg protél). In another study using electroporation

to transformD. salina endogenous glyceraldehy8ephosphate dehydrogenase (GAPDH)
promoter was used to drivee expression obar and the Nterminal fragment of human
canstatin (CaiN) (51). The efficiency of transformation dfar was ~100 transformants/pg

of DNA (51). Western blot analysis using the mouse-ha#ahistidine monoclonal antibody
detected the presence of Gdnrecombinant protein as inclusion body D salina
corresponding to 18 kDg1). However, the Southern blot analysis reported by the authors
was rot convincing to determine if the integration of the transgene was into nuclear genome
(51). The main problems with the nuclear transformatiorbahaliella discussed from the
representative studies above were unable to achieve stable transformationeand th
transformation efficiencies reported Dunaliella were found to be lower than that reported

in model green alg&hlamydomonag54, 55) Transformation efficiency using glass beads
could be improved in this study by addition of carrier DNA (~50 pg) anidiwering the

PEG concentration to (3 or 4%) while attempting glass beads transformation. The main
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reason for the addition of carrier DNA during transformation was to act as competitive

inhibitor of nucleases and protect the exogenous DNA from degradation

Agrobacteriumas an alternative for nuclear transformation ofD. viridis

Stable integration of thdransgene usingAgrobacterium mediated transformation was
successful iD. bardawil (19), C. reinhardtii(20), C. vulgaris(21) andH. pluvialis (22). The

D. bardawil cells were adapted to low saltRIS AcetatePhosphate medium (TAPyvhich
had been successfully used during transformatidd ofinhardtii (20) andH. pluvialis (22).

It was found that reducing the NaCl concentration in the TAP growth media to 0.2 M
allowed growth of botlD. bardawil and A. tumefaciensluring cocultivation. In addition,
reduction in NaCl concentration also facilitated the subsequent selection sfbtnaants
using lower concentration of hygromycifl9). The binary vector pCAMBIA 1304
containing thenptdriven by theCaMV35S promter, and the fused green fluorescent protein
(GFP) wi t kglucdronidase (uidp under the control ofCaMV35S promter was
transformed int®. bardawil using the modified transformation procedure as desc(@&d
Successful expression of GUS, GFP dmt in the hygromycin resistant culture @f.
bardawil was detected using-¥luc as substrate and western blotting using GFPaties
(19). Southern blot analysis confirmed the stable integration ofiphén three transformed
lines. The transformed lines were maintained without hygromycin even after 18 r(i#ijths
The addition of acetosyringone (100 and 200 uM) duringudtvation was not shown to

have any effect on increasing the transformation efficiencyD.inbardawil (19). The
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Agrobacteriummediated transformation frequency@fbardawil was ~41.0 colony forming
units per 18cells (19). The transformation frequency usiAgrobacteriumwas not higher

than those reported for other methods Dunaliella using glass bead$60) and
electroporation(15) which resulted in a transformation frequency of ~83 colony forming
units per 18cells and~150 colony forming units per 16ells respectively.

High frequency stable transformation of the nuclear genome mediategrblyacteriumwas
reported to be 5@old higher than the glass beads method Ghlamydomonagq20).
Agrobacteriummediated transfonation has advantages over glass beads and electroporation
in Chlamydomonagsecause it can be performed on intact Mgige cells and removal of the

cell wall using gamete autolysin prior to transformation was not essefi@l
Agrobacteriummediated &ble transformation has been successful in greenHalghuvialis

and the transformation efficiency based on the hygromycin aesighenotype was found to

be ~109 colony forming unit per £@&ells (22). Addition of acetosyringone (100 and 250
puM) did not have effect on increasing transformation efficiency in this algae. Hygromycin
resistant phenotype was retained even after maintaining transformed colonies on hygromycin
free media for as long as 2.5 ye&22). In this study, future efforts to transforin viridis
usingAgrobacteriummediated transformation will be conducted since it seemed to be more

efficient for achieving stable integration of transgene.
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Factors influencing the success of CRISPR/Cas systdar targeted mutagenesisn D.

viridis

In photosynthetic eukaryotegjitrate reductase is an enzyme catalyzing the NADPH
dependent reduction of nitrate to nitrite, the first step in the nitrate assimilation pgéiyay

Two distinct structural genes for nitrate reductd$l®1 and NIA2, have been identified in
Arabidopsis(62). Nitrate reductase is shown to be a single ger. iwiridis (43). Nitrate
reductase has also shown to be involved in the reduction of chlorate to the toxic (6Brite
Nitrate and chlorate were both founda® the substrates for the nitrate reductase enzyme and
each acts as a competitive inhibitor of the reduction of the ¢83e85). In this study, lte

results indicated that nitrate a@ts a competitive inhibitor of chloratehen the cells were
provided wth growth media containing mM KNOs; as a nitrogen source (Figure 4.9).
However, when the concentration WNO3; was lowered to 2.5 mMor less in the growth
media, chlorate acted as a competitive inhibitor of nitrate (Figure 4.10). In the absence of any
nitrogen source in the growth media, the cell®oWiridis took upchlorate as an analog of
nitrate Thenitrate reductase enzyme activity was induced by the presence of chlorate and the
cellsreducedchlorate intotoxic chloriteions and were killed (Figer4.9). InArabidopsis it

has been shown thahll resistant mutants wemdefectivein the uptake of chloratés6) or

found to have reduced levels of nitrate reductase enzyme a¢@vityt has been shown that
nitrate reductase transcript levels in ta#ls ofD. tertiolectainduced under nitrite was only

40% of the level in comparison to the induction by nit(d. In contrast, it has been shown

that the presence of nitrite completely repressed the nitrate reductase transcript in
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Chlamydomonas8, 69). In this studycells in growth media containing 5 mM Nalhder
different concentrations of KCKwvere not affected by chlorite toxicity (Figure 4.9). This
indicates that nitrite does not act as an inducer of the nitrate reductase in €eligiradis

similar to Chlamydomonag68, 69) Nitrate reductase transcript levels were shown to be
positively regulated in the presence of nitrate and light, and negatively regulated in the
presence of ammonium ions[n tertiolecta(42).

Mutants defetive in endogenous nitrate reductasdlAl) gene were generated using
chemical mutagenesis iD. viridis (43). The defectivemutants were unable to assimilate
nitrate but were selected based on their tolerancé0tonM chlorate(43). Phenotypes
assimilating nitra¢ were obtainedifter thesuccessful functional complementation of the
NIA1 geneby electroporatior§43). However,reversion of nitrate assimilation phenotype was
observed irD. viridis due to the episomal integration of the complemeii¥l gene(43).

This mode of auxotrophic selectiosingNIAl as marker genis widely used in model green
algaChlamydomonaér0).

In this study, it was found that the cells transformed with either the linear or circular plasmid
pPrbcScas9 did not produce any coloniesAs mentioned under the results, all the
transformation controls gave expected results. Therefore, the issue might be associated with
the elements used in the construct and not the screening procedure. The codon optimized
cas9coding sequencand the NLS s driven by th®. viridis endogenous PrbcS and TrbcS
regulatory elements. We reported that PrbcS and TrbcS was successfully used for the

transcription of heterologous genbke and egfp in this study. ThegRNAL and gRNA?
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sequences were designed with haghngency and shared 100% homology with the target in
the genomic DNA. So, the main concern that we foresee in this study was the Aise of
thaliana U6-26 gene RNA polymerase Ill promoter to drive the transcription ofRMAL

and gRNA. There might béigh diversity between the endogenous RNA polymerase Il
promoter ofD. viridis and the U&6 promoter ofA. thaliana This could have led to the
failure of gRNAL and gRNA transcription inD. viridis. Isolating and using the RNA
Polymerase Ill promoter dm D. viridis in the place of the U6 promoter ofA. thaliana
should be included as focus of future work. Unfortunately, we do not have the entire genomic
sequence information available f@unaliella yet and hence this might not be currently

possible.

Future work

There are a few challenges associated with establishing successful stable integration of
transgenes iD. viridis. Some of the future efforts will include: 1) Investigating the effect of
varying NaCl concentrations on the sensitivity of zeatircell growth oD viridis, 2) Using
Agrobacteriummediated transformatiofor stable integration of the transgeneDnviridis,

3) Addition of carrier DNA and/or lowering the PEG final concentration used during glass
beads transformation will be atteragtto determine if transformation frequency increases in
cells of D. viridis, 4) Attempts to find RNA polymerase Il promoters or equivalent
promoters which transcribes the prooding RNA in D. viridis for establishing genome

editing by the CRISPR/Cas sgst.
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Appendix AT Chapter 2 supplement Data

D. tertiolecta LB999 D. primolecta LB1000 D. salina LB200 D. viridis

LD LL LD LL LD LL LD LL

2.S¢C

.5€

Figure A.1 Oil accumulation in different Dunaliella species Cells were grown for 142 hours under two
different light conditions (12:12 photoperiod, LD; continuous light, LL) and temperature (25°C or 35°C)
conditions. Osmotic lysis was performed on 100 million cells and oil accumulation assessgdasgitativey

by Nile Red stained oil under blue light.

251 LL 25°C

w N

-

Cell density (x10° cells/mL)

0.5

Hours

Figure A.2 Cell division in D. viridis grown under 12:12 LD cycle occurs at nightD. viridis cultures were

grown under 12h light:darkycles (LD; dashed lines) or continuous light (LL; solid lines) at 25°C. Cell counts
were measured in three biological replicates with three technical replicates each at the different time points of
the experiment and also 1 hour before and 1 hour dfeedight was turned on in the chamber. Statistical
significance was assessed by unpaired,-ttwei | e d , t-t&st. Thkevalded with different letters are
significantly different at 54 hrs (p<0.01).
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Figure A.3 Neutral lipids accumulation monitoring in D. viridis by Nile red staining and microscopy D.

viridis cultures were grown either under continuous light (LL) or 12h light:dsckes (LD). All cultures were

grown at 25°C for the first 24 hours and then either remained at 25°C or the temperature was raised to 35°C.
Microscopic observation was conducted on cells stained with Nile Red and embedded in agarose using a Zeiss
LSM 710 confocal microscope (488 nm argon laser). Green represents localization of Nile red and purple
represents autofluorescence from chlorophyll. Fluorescence micrographs have been overlapped with
corresponding DIC images of the cells.
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Figure A.4 Separation of total lipids by thin layer chromatography - representative plate.Total lipids
from 3 different samples were spotted (1.5 mg/lane) and separated with a petroleum etheettiietinyacial
acetic acid (80:20:1) mobile phase. A standard mix was run along with the samples on each ptaté é&&h
standard per lane). lodine crystals were used to develop the plate. Three fractions: TAG, FFA, DAG (different
fractions outlinedn grey on the plate) were scraped off the plate and further processed for FAMES preparation.
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Figure A.5 Major Phospholipid (A) and Lyso-phospholipid (B) classes respond to temperature and
photoperiod changes at 54 hrs.Sigrificant increases were only identified at 35°C under LL in the
phospholipids: phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphatidylethanolamine (PE) and
phosphatidylinositols (Pl). Significant changes in lysophospholipids were only detectessganse to
temperature changes with lower levels of igwspholipids at elevated temperature. The error bars represent
the standard deviation from three independent biological replicates. Statistical significance was assessed by
unpaired, twetailed, St d e nt-te€t.sThe values with different letters are significantly different at 54 hrs
(p<0.05).
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Figure A.6 Fatty acid composition of galactosyldiacylglycerols and phosphadityllglycerol at 54hrs show
distinct responses to temperature and light period change$he molecular species of the polar lipid fraction
monogalactosyldiacylglycerol (MGDG), digalactosyldiltycerol (DGDG), and phosphadityliglycerol (PG)
responded to changes in temperature and light duration. MGDG (A) had a different distribution of fatty acids
compared to DGDG (B) and PG (C). All lipid classes showed an increase in the degree of satuetjponse

to 35°C (red bars) than at 25°C (blue bars). At 35°C, this response was higher under LD (striped bars) and LL
(solid bars) conditions in MGDG, but only in LL for DGDG and PG. The uncertainty in the number of double
bonds of molecular specieseaindicated by ?. The error bars represent the standard deviation from three
independent biological replicates.
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