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ABSTRACT

ABSTRACT

Thisproject explores theprodudion of LGPUFAssuch as the nutritiongt
relevant omegeB fatty acids EPA and DHiA,the freshwater microalg&hlorella
sorokiniana(UTEXL230).C.sorokinianais of interest due to itsapid growth rate,
tolerance to high light and temperature, and ability to accumulate a large proportion
of cell weight as lipids. Since wiigbe C.sorokinianaerminates fatty acid synthesis

at ALA (C18:3n3), a genetic engineering approach is required to prodtRIgRAS.

Changes in FAME and lipid content in different growth conditions including
carbon souce, nitrogen source, and trophic state were assessed in this microalga.
These investigations confirmed the common finding that nitrogen stress is a robust
way to induce neutral lipid accumulation, but also highlighted the potential of pH

change as an altaate stressor for TAG production.

To facilitate the heterologous gene expression needed to increase the range
of fatty-acids produced byC. sorokiniana this work develos and begins to
characterig a toolbox ofgenetic parts for nuclear transformatiomhis combinatorial
parts library, compatible with a standard cloning syntax to enable sharing between
IANRdzLJAE O2YLINAaSa TFTAOS O2RAy3a &aSljdzsSyoOSs
0Q! CWKUSNNYAYIFG2NBED®P ¢KS O2RAY3I aSldsSSy0OSa
fluorescent reporters and one lipid gene. Among the regulatory sequences, two were
novel putative promoters from chlorovirus, as identified from detailed bioinformatics

analysis of published transcriptomic and genomic data.

An attempt to improve an existinggrobacteriummediated transformation
strategy was utilised to validate some of the parts within the library. Preliminary
evidence suggests the putative chlorovirus promoters may be active within®oth
sorokinianaand Chlamydomonas reinhardtiChallenges ith appropriate selectable
markers and transformation efficiency highlight the difficulty in genetic engineering
of microalgal strains, especially where these tools are not well established, but also

showcase the pressing need for such foundational resetorde conducted.
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Microalgae are promiso biotechnological platforms: lipidch biomass can
be used for biofuels, and many species accumulate -tajhe products such as
pigments andomega3 oils, includingEPA (20:5/8) and DHA (22:68), which are
essential for human nutritionHowever, there is often a tradeff in the production
of theselipids,in that oil accumulation in the microalgae is stimulated when under
stressful growth conditions such as nitrogen deprivatidhe resultingdecrease in
growth rate andproductivity can be a barrier to economic viability of industrial
production.ChlorellasorokiniandJTEX 1230 is a small sirgédled freshwater green
alga of industrial relevance with regard to its high growth rate at wanmpteratures

and ability to accumulate lipids under optimised growth conditions.

The wider aim of this project is to explore the potential for production of
omega3 fatty acids inC.sorokiniana By working towards providing an alternative
source of the nuttionally essential omeg8 oils EPA and DHthe output of this
project may contribute to the reduction of the unsustainable pressure on the fishing
industries. Additionally, western diets are typically associated with consumption of
too much omegéeb conpared to omegéaB, therefore additional sources of these oils

may help increase the health of the population.

The main outputs of this work relate to factors affecting lipid accumulation in
C.sorokiniana the development of a transformation methodolo@y this alga and
the creation of a library of shareable DNA parts for use in microalgae genetic
engineering, including new putative regulatory sequences from chlorovirus genes.
The study of lipid accumulation is important because it is relevant to improving
process dynamics across several areas of the nascent algal biotech industry, including
feed, food, and biofuels. Research conducted on the transformation methodology of
C.sorokinianainforms and complements futurefforts into this area. Finally, the
parts library will allow for more rapid construction of algal expression cassettes in the
Purton lab, and the use of a common syntax will encourage the sharing of parts across

academic and industrial labs to facilitate future technological development. These
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findings will be useful for both microalgal biotechnology industries and further

academic research into basic physiology of microalgae
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Chapter 1

CHAPTER INTRODUCTION

1.1 What are microalgae

Microalgae are a diverse group of prokaryotic (cyanobacteria) or eukaryotic
singlecelled photosynthetic organisms whiakxist ubiquitously in freshwater or
marine environments The diversity of microalgae spans across kingdoms when
including prokaryotic cyanobacteria, and even within the eukaryotes spans across
many phyla and groups including: the red and green algaemiii@ Archaeplastida;
the diatoms, brown algae and Eustigmatophytes within the Stramenophiles
(Heterokonts); Dinoflagellates within the Alveolates; and other more isolated groups
such as the Haptophytes and Cryptophyt@sgure 1-1). This results in a wide
diversity of metabolism, metabolites and life strategies which can be exploited for
bioproducts in natural species, or used as a source of information on biosynthetic
pathways for transexpression in more standard wehorse production platfornior

biotechnology such &s. colior yeast(Borowitzka, 2013; Hamed, 2016)

Microalgae areevolutionarilyancient (Falkowski et al., 2004; Leliaert et al.,
2012, 2011) Although the precise datof their originhas been debatedDalton,
2002) it wasaround 3billion yearsago when the firsfprokaryotic cyanobactria
ancestors originatedcoincidingwith the ¥ 2 E & 3 & yi N® L30BeNift it the
SENIKQa GY2aLKSNBE gKSNBE 2Ee3SyA0 LK2G2aeyikK
which then facilitated the evolution of aerobic organisritGlerck et al., 2012)
Oxygenic photosynthesis waand still is,a very successful life strategy and it is
accepted that eukaryotic microalgae (and subsequently higieants) evolved fsm
the symbiotic engulfment of cyanobacteria by negwhotosynthetic heterotroph
organismdetween 1 and 1.5 billion years agover time the cyanobacterial partner
lost its independence and became the plastid or chloroplast that we see (@lesck
et al.,, 2012; Falkowski et al., 2004; Leliagtrtal., 2011) Further to this primary
endosymbiosis, various subsequent gains, replacements and losses of plastids have
occurred within the eukaryotic tree of life. Secondary or tertiary endosymbiosis

events are proposed to explain this spread of plstand the presence of extra
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membranes surrounding the chloroplasts in algal groups such as the haptophytes and
heterokonts (Stramenopiles)Falkowski et al., 2004; Leliaert et al., 2012, 2011;

Tirichine and Bowler, 2011)These events are proposed to have occurred
convergently in different groups of eukaryotic heterotrophs, and imwvg different

sources of the plastids (i.e. either green or red lineages) hence microalgae are not a
monophyletic grougAndersen, 2013)
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Figure 1-1 Microalgal diversity on the eukaryotic tree of lifeExamples across
common different groups are showiiree information was generated from NCBI taxonomy

using the tool phyloT (available &ttp://phylot.biobyte.de/index.htm) database version

2017.7 (biobyte solutions GmbH). Tree output was visualised using iTOL (Interactive tree of
life, available ahttp://itol.embl.de/ (Letunic and Bork, 2016)
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Today the estimates of the biodiversity of microalgae vast withover
40,000speciesdentified, but this is predicted to only be a fraction of the true number
of species(Hu et al., 2008) This biodiversity has resulted in multiptfferent
morphologiestrophic modes motility mechanismsand life cyclegFigurel-2). For
example,Volvoxis colonial, diatoms have silica sheifsgreat varietyand the most
efficient form of Rubiscdor photosynthesisn autotrophs Haematococcusgluvialis
and Chlamydomonageinhardtii have both flagellate and neflagellate forms
depending on their environment or life cycle stagéndersen, 2013; Fields and
Kociolek, 2015)Microalgae have also spread out to occupy diverse niches, for
example snow algagcidophiles marine, freshwater,and even growing on animal
fur such & that of sloths(Andersen, 2013; Domozych et al., 2012hey are
ecologicallyery important, for exampléhe diatoms arethought to contribute up to
25 % of global primary productivit{Scala and Bowler, 20Q1yvith eukaryotic
phytoplanktonas a wholeestimated to contribute to ove45% ofd | NIl KQa Yy S{ LINRA Y I
production((Field et al., 1998)s cited in(Falkowski et al., 2004)
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Image(s) removed for copyright
purposes, please refer to original
source as described in figure
legend.

Figurel-2 Examples of the diversity of microalgal forms and habitats

A: SymbioticChlorellawithin the cilliateParamecium bursari8AG 27.9¢ttps://sagdb.unt

goettingen.dd. B: Euglena gracili€Dr Ralf Wagnenhttp://www.dr -ralf-wagner.dé.

C:Microalgal biomass on the head and back of a-teeed sloth(Pauli et al., 2014)
D: Volvox carteriadult multicellular spheroid(Matt and Umen, 2018)E: Arthrospira

fusiformis(Spirulina)Sili et al., 2012)F:Red snow algaéftps://www.gettyimages.calk).

G:Chlamydomonas reinhardscannimg electron micrographhttp://remf.dartmouth.edu).

H: Diatom shape diversity across multiple species. Microscopic (no scale provided)

(https://commons.wikimedia.org/w/index.php?curid68238¢. I: Cyanobacterial toxic

bloom in a Californian lake. .(Wacintyre, California Dpt of Fish and Wildlife, from:

https://www.ecowatch.com/algaebloomsclimate-change2017383600.htn)l
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Examples of thousands of these species are maintained in culture collections
around the world(Mata et al., 201Q) These include théJniversity of Coimbra
(Portugalwith over 4000 strains and 1000 species, the SAG collectiGoeitingen
University(Germany with over 2200 strains and over 1250 species,\nheversity of
Texas Algalulture CollectiofUTEX) in USA with ~2300 strains, the National Institute
for Environmental Studies Collection (NIES) in Japan with 2150 strains and 700
speciegMata et al., 201Q)and the Culture Collection of Algae and Protozoa at the
Scottish Association for Marine Science in Scotland (CCAP) with 2570 strains and over
1290 specie$SAMS, 2018)The maintenance of these strains is commardyied
out by sequential subculture in logrowth conditions, though increasingly

cryopreservation is being explored to avoid genetic ¢Bitand et al., 2013)

A

la 4SSy 1020S GKSNBX Aad RAALINRGE 0SGoSSy
and this is partly due to culture collections starting as early as the 1@2&ts et al.,
2010)when molecular phylogenetic techniques such as barcoding using th2 ITS
regions of rRNAColeman, 2003; Hall et al., 2010tidert et al., 2014, 2012yere not
available for taxonomy. As discussed later using the exampdlofella microalgal
taxonomy is complicated by multiple historical methods of identification. However,
culture collections routinely update their reats with published reclassifications.
Additionally, it is recognised that even those strains which show very similar genetic
NEBflFiA2yaKALA @Al 5b! WolFNO2RSAQ YIeé& 0SS Aazf
times and have altelte physiologies and bealviours. Therefore in culture
collections thiglifferenceisrecognised andesignated as various strains of the same
species. That even very closely related microalgae strains within the same species
behave differently is a testament to their versatileetabolism. It isalso a featureof
microorganisms in general that evolutionary forces may act more quickly and in
different ways than in higher organisms which can blur the boundaries of species

(Brand et al., 2013; Leliaert et ,a2014, 2012)

The diversity of microalgae that is seen today is probably partly because they
are so evolutionarily old combined with the fact that this singddled photosynthetic
life strategy was successful enough to have diversified acrossiibée kingdom of
life during evolutionary history. Although this diversity is exciting and gives a large
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number of untapped biosynthetic pathways and possible compon@itsapel et al.,
2015; Guarnieri and Pienkos, 201#)algal biotechnology it can lead to confusion as
a result of drawing ovegeneralised conclusions from studies on microalgae from
such diverse clades; for example the establishment of transfoonagirotocols

needs optimising at a species ley@impel et al., 2015)
1.2 Microalgae as a resouréar bioproducts

Microalgae are an attractive biotechnological platforifhey have high
productivity compared to other terrestrial systems, givin@@times more biomass
per unit land aregSayre, 2010)They also have thgotential to act as bidactories
converting sunlight to useful products in a sustainable wayout competing for
land space like plant crops, and also fixing atmospheric carbon dioxibde process
(Guarnieri and Pienkos, 2015; Hamed, 2016; LRaiiares et al., 2004Microalgal
cells consist of the core components of protein, carbohydrate, lipids and nudels
¢ and also owingo their diversity, a wide aayof other sometimes unique bioactive
compounds such as antioxidants (such as carotenoids), phycobilins and sterols
(Gimpel et al., 2015)therefore they are of interest for exploitation of these
compounds as discussed below and summariseBigure 1-3. Since this thesis is
about engineering the lipids d@hlorellafor a nutritional product, the discussion of
microalgal uses below focuses on lxgidrived and nutritional productsihere are
however,other important uses such as an expression platform for proteaspgecially
in the chloroplast whiclecanact as a compartmerto allow hyperaccumulation For
waste bioremediatiorthey can be used for treatment ahunicipal organicglike
sewage) or the absorption gpecific toxins such as heavy metgs cadmium from
mine leakagelue to the ability of some species to absorb contaminankese other
uses are reviewed if(Delrue et al., 2016; Forjan et al., 2015; Gangl et al., 2015; Lebn

Bafares et al., 2004; Liu and Chen, 2016)
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Microalgae in
biotech

Bio-remediation

Protein
expression
system:
chloroplast/
nuclear

Biomass
Protein

Nutrition

(human, d
aquaculture, gi OE;ZTS' Biocrude from
agriculture) HTL

Vitamins o
Antioxidants Oil rich

i Carbohydrate
biomass L
(biodiesel) (bioethanol)

LC-PUFAs
(omega-3,
omega-6)

Figue 1-3 Key Biotechnological uses of microalgae with a focus on bioproducts.
HTL: Hydrothermal Liquefaction. The  background image is from

http://eapsweb.mit.edu/news/2014/phytoplanktordiversityversusproductivity-ocean

1.2.1 Fatty acid nomenclature

Fatty acids areliscussedxtensivelyover the couse ofthis work and can be
describedby multiple namesTo avoid confusiomithisthesisnomenclature is ithe
form 18:3n3 which ignumber of carbon atoms): (number of double bonds)
(position ofthe nearestdouble bond from the omega end of the fatacid (Figure
1-4).

0]

9 6 3 1 w
HOM_ N N \/13

ALA; a-Linolenic acid; (9Z,127,157)-9,12,15-
Octadecatrienoic acid: 18:3A9,12,15: 18:3n3

Figure 1-4 Nomenclature of fatty acids.The example is alpH&noleic acid. The
preferred nomenclature format used in this work is highlighted in bold, which counts the

number of carbons from the omega (methyl) end of the chiaithe double bond

30


http://eapsweb.mit.edu/news/2014/phytoplankton-diversity-versus-productivity-ocean

Chapter 1

1.2.2 Biofuekfrom microalgae
1.2.2.1 Why dees the worldheed biofuel®

The negative impacts of fossil fuel use in relation to the emission of
greenhouse gassesuch as carbon dioxideausing climate change are now well
establishedandwith finite suppliesof such fuelghere is an acknowledged need for
renewakbe alternativegHu et al., 2008; Mata et al., 2010; Sayre, 2010; Williams and
Laurens, 2010)There are many alternative remable alternatives such as solar,
wind and tidalHowever, there is still large demand farenewable fuels with output
asliquid fuelfor cars €.g. bialiesel) aviation and other transporgpplications where
hydrocarboncasedliquid fuek areultimately superioror essentialdue to the high
energy density (Williams and Laurens, 020). For example, lie change of
infrastructure to electric cars is a long way, @ifid there is a demand for renewables
compatible with petroleurrdbased infrastructurgSayre, 2010)Therefore, biofuels,
that is liquid fuels (biodiesel to replace diesel, ethanol and other alcohols to replace
gasoline, and biget fuel to replace kerosi) derived from living biological sources

rather than fossil ones, has had increasing inte{d#dta et al., 201Q)
1.2.2.2 The meits of microalgae as a source of biofuels

Microalgaewere recognised as early as the 1940s as being rich in storage lipid
droplets (composed of triacylglycerols or TAGS) depending on culturing conditions
(Borowitzka, 2013; Hu et al., 200&) the lastfew decades microalgaehave been
explored as a source eb-called3™ generation biofuels; with SLgeneration biofuels
derived from plant oils or from sugars and sfaes fermented to ethanol, and'®
generation bioethanol produced by breakdown and fermermdati of plant
lignocellulosgNaik et al., 2010) The dvantagesof microalgal biofuel®verthose
derived fromcrop plants can includelonger growing seasons, higher productivity,
reduced water needdessconflict of land spacéor food productionandthe ability
to grow algaeon waste stream inputs for combined bioremediati¢@hen et al.,
2015; Kiran et al., 2014; Maity et al., 2014; Rawat et al., 208 %pmparison of
microalgal oilwith other plant sources can be found in the reviéy Sajjadiet al
(Sajjadi et al., 2018)
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Ultimately the algal biomass is the source of the fuel or components for
derivatising to fugland for some species i also extraordinarily high in valuable
components The carbohydrate content of microalgaaries from 580% depending
on species and consists of polysaccharides and starch which can be used for
bioethanol production and arepreferablecompared to othermlant sources due to
reduced amount of contaminating lignocellulo§eang et al., 2016aj-or biodiesel
and oil fuels, it ishe lipid content of the microalgal cells thatrslevant Depending
on the microalgal species and tleealtivation strategy, microalgallipid content can
rangefrom under 26 upto 75% 5 Q! f S&A &l YRNR | Y RIngeyetiaR YA 2aA CAf
there are manyalgal speciesvith superior accumulation qualities to the common
plant stock such as eseed raped . St € 2dz SG |t ®X HnanmcT 5Q!fSaa
Filho, 2016; Minhas et al., 2016; Sajjadi et al., 2018; Schdler et al., 2017; Williams and
Laurens, 2010; Zhan et al., 201A)though thisrange of different content shows
there are promisingpecies some authors argue that the diversity means it is hard

to select the best species for commercial developm@@intlds and Kociolek, 2015)

TAGs (triacylglycerolgigure 1-5) are the preferred form of lipid for biofuel
because the energgich acyl chains have a similar density to hydrocarbons, and they
do not contain the phosphate or sulphatieat would be considered imyrities and
would have a negative impact on the oil prodibtacDougall et al., 2011; Williams
and Laurens, 2010)he fatty acid chain length profile must also be considered
because it contributes to the stability and combustion properties of the.fuel
Although the precise mix is complerpno-unsaturated fatty acidsan be beneficial
because thg have a lower freezgipoint and therefoe better coldflow properties,
but poly-unsaturated fatty acids can bendesirablebecause they have a negative
impact on the cetane number (speed of combustion) and are more prone to
oxidation, whereas saturated fatty acids provide thest cetane numbe¢Olmstead
et al., 2013; Ramos et al., 2009; Williams and Laurens, 2B&0)hain length, a
typical high quality fuel may consist of carbon chains of 18 in length, but shorter than
16 is ideal for jet fuglOlmstead et al., 2013; Williams and Laurens, 2010)
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Fgure 1-5 Transesterification of TAG to FAMEhe FAMEs are used for biodiesel.
The alcohol may also contain a different alkyl group. The catalyst is often hydrochloric acid
or potassium hydroxide. Not onhAGs may be esterified, this reaction is also used to analyse

algal lipids by their FAME profile across different lipid classes.

1.2.2.3 Economi@and downstreantonsideration®f algal biofuels

There was a peadif interestin microbial andmicroalgalsourcesof oilin the
70s and 80%ut subsequently the drop in crude oil prices meant algaifuel
production was economically unviabldy the 90s(Williams and Laurens, 2010)
Despitethere being multiple commercial biofuel projects around the world (reviewed
in (Su et al., 2017}t is still the onsensus that currently to industrialise algae biofuel
needs more basic research and developmastevident from the issues discussed

below.

One problem is the intrinsic limit on operational density in phototrophic

systemsdue to light penetration and prolems with culture pH control at high cell
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density. Additionally, at high latitudes the lack of sun limits grofiaranjape et al.,
2016) It has been shown that theoretical yield of microalgae biofuel does not match
that of the actualtypicallybeing abouthreeto eighttimes less than predicteghow

et al., 2017)Mixotrophic and heterotrophigrowth strategiescan allow cultivations

at higher cell densitiefyut one must consler the cost of input of the organic carbon
source, and also this detracts from the (often ovedynanticised) vision of biofuel
using only sunlight, basic inorganic nutrients, water and carbon dioxide via
photosynthesis. There has been research on uswecost and waste carbon sources
such as glycerphowever, the ability of algal strains to utilise these sources varies
greatly(Paranjape etal.,2016)y R G KSNBF2NB Llzia I y23idKSNI LI NI
production strain which must be screened for or engineered. Also, rich carbon
sources can be a risk of contamination in commonly used qguerd systemgChew

et al., 2018) The use of bespoke bioreactausitable for high density growth has also
been investigated but the overhead costs of these are highcandequire additional
energy and cost inputs for lights and temperature control. Some bioreactors use
alternative physical technologies such as msrand phosphorescence to attempt to

overcome light limitation(Raha et al., 2018)

Although recognized as promisinthe hype surrounding the research of
biofuels from microalgae has also come under criticism. For example, although there
are individual algal species with requdreharacteristics for industrguch as high salt
tolerance high productivities, high hydrodaon content containing highvalue
products and those suitable for harvesting techniques such as auto flocculation
(Figure1-6), they occur in separate species rathiiban in the same organism and
even genetically engineered straiage yet to reach all these requirements, therefore
it remains economically unviab{eim and Schenk, 2017; Kléarcuschamer et al.,
2013) The acknowledgement of the need fdwasic researcthas been met by
governmentinput for funding when there is a lack ofompetitive market It is
recognisedhat research intcalgal biofuels is still importantvhichis evident from
funding for projects around the world includingovernmental investments in

America, the EJand discussion at the COP2Jnited Nations Climate Change
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ConferencéLammers et al., 2017; NAABB, 2014; Pires, 2017; Su et al., 2017; Unkefer
et al., 2A7).

Processing

Auto-flocculation trigger '
Disruptable cell wall a'u'

High biofuel
hydrocarbon
(TAG) content

Figure1-6 Characteristics of an ideal microalga for production of bioproductd.

present algal straindo not meet albf these requirements.

It is generally accepted that a combined low and higlue product
WOoAZ2ZNBTFTAYSNEQ | LILINE I OK ard dakbondioxidé &pturel NS | Y
is necessaryn order to be competitive, andhat the production of higkvalue
chemicals represents a lifeline fof' §eneration biofuel§Borowitzka, 2013; Chen et
al., 2015; MorendGarcia et al., 2017; Zhu, 2019)herefore some research and
commercial interests have shifted and divéiesi towards highvalue products from
microalgae, in fact this was essential for some biofuel companies to remain (&able
et al., 2017) The screeningand geneticengineering continues for strains containing
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multiple desirabletraits and seO I £ f S RINE RMIOLSi NS Hesaribedirigyfet
1-6(Schileretal., 20170 y Yy S¢g NB A S| NOKE GIKSQ YISERS F2 WS Wi ANS

increasingly realise(Kern et al., 2017)
1.2.3 Nutritionaland Hgh-value ompounds

The use of microalgae as a food source is not a new concept and there are
historical accounts of theconsumption of Spirulina cyanobacteri@pirulina
(Arthrospira platensiand A. maxima dating back to Aztec times in Mexico, ants
part of normal dailydiet for Chad in AfricalBecker, 2013; Garcia et al., 201The
cyanobactetim Nostocis also widely consumed as foadound the world, as are
somefilamentous green algaéGarcia et al., 2017Macroalgaeare perhaps more
widely consumed, sth as the red seaweeyropiaz NJ Wy 2 NA Q> Y2 ald LJ2 Lidz | |
(Wells et al., 2017) In western supermarkets, microalgaensumptionis less
mainstream and tends to only be sold as a food supplement altinéood, typically
beingraw microalgabiomass such asShlorellasp.or Spirulinasp. However, he high
protein content of microalgae led to interest in the 1950s in microalgae being a
possille strategyto cope with increasing global food demafiisher and Burlew,
1953) Japan weréhe first country to have industrial scale production@iilorellasp.
for human consumption(Vigani et al., 2015and around 90 percent of algal

cultivation is reported to be located in Agf@athasivam et al., 2017)

Thecompositionof microalgal biomass differs greatly beten species but as
an examplecommercially availabl€hlorellasp.biomasscan contain up to 70%rg
weight in protein including all ninessential amino acidsequired in human diets
(Wells et al., 2017 heChlorellasp.is typically used as a protein powder supplement
similar b whey protein powders which are sold at typically-&b % protein
(Henchion et al., 2017However in addition to contributing to normal nutrition,
microalgae such ahlorellavulgaris arereported to have additional health benefits

such as antcancer and immunenodulating propertiegSafi et al., 2014)

The production ofalgal biomasss not just for human nutrition. The use of
algae for animal feed is common, including the aquaculture industries of which 50 %
of globally consumed fish is supplied currerthenchion et al., 2017)The market
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valueof the algal biomasss reportedly 10 k { 3 F2NJ KdzYly O2y & dzYLJ
to5HNn ek {13 F2NJ I ANROdzZ G dzNBE I y R (Bdjhdsivabrdzf (i dzNE
et al., 2017)Figurel-7). Algal astaxanthin has aarket value of up to 3000 USD/kg

65Q! £ Saal yRNR | yR. T The/niatkef hatudfivarialia figh alue H n mc 0
compounds and the economics of algal produci®reviewed in other reportalong

with the state of research and development in different microalgal species
65Q! £t SaalyRNR IYyR !yi2yA2ai CAfK2X HnmcT
Martins et al., 2013; Stanley et al., 2013)

Image(s) removed for copyright
purposes, please refer to original
source as described in figure
legend.

Figurel-7 The market value of various products from microalgae and macroalgae.
Reproduced fronthe Algal Bioenergy Special Interest Grdrgport: A UK Roadmap for Algal
BiotechnologiegStanley et al., 2013)

Other specific purified chemicals are sold as supplements health or
YSRAOIT o0SySTAaita adzOK a GKS woO2ayvYl O0SdziAa
Wy dzii NI OS dzii A @ardtehe) frorB Dubabiella 6saling astaxanthin  from
Haematococcus pluviali@nd longchain polyunsaturated fattacids (LEPUFAS)
which are sold as food supplement®orowitzka, 2013;du and Boussiba, 2019ne
problem is thatsome ofthese seOl f f SR Wy Sdzi NI} OSdzi A OF f aQ
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frameworks because they fall in a grey area between a food supplement and a
pharmaceutical, andlaimed health benefitsnay not be properly subbantiated by
evidence or screened for safef$antini et al., 2018)The development and sale of
these products by poorlyregulated companies can undermine the ethics of algal

research.
1.2.3.1 Longchain polyunsaturated fatty acidsGPUFAs

Of the nutritionalcompounds|. CPUFAgFigurel-8) are of key importance to
human diet, with roles in development, cardiovascular disease prevention,- anti
inflammatory responsesand brain function including treatment of schizophrenia
(Amminger et al., 2015; Bellou et al., 2016; Robertson gP@l5; Ryckebosch et al.,
2014, 2012)The omegeB fatty-acids9 t ! 0 SAO2al LISy BL&8¥aA O | OART
o0 yR 51! 06R2O02 a4+ R8BI Ry aPekhd twb BainRSBential Y ¢ n
LGPUFAs and are the focus of thi®rk (Figure1-8). ¢ KS& I NB OFff SR WwWSaa
because they are unable to be synthesiseddequate amounts both higher plants
and animalsand the PUFA ALA (C18:3n3), the premus all other n3 and n6 PUFA,
is unable to be synthesised at @fereira et al., 2012)Those animals such as fish
which do contain them, obtain thertrough their dietfrom the primaryproducess,

i.e. microalgae.
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9 12 15 18

Hydrogen

Docosahexaenoic acid (DHA;
22:6A4’7’10’13’16’19, (A)-3)

Eicosapentaenoicacid (EPA;
20:5A5,8,11,14,17I w_3)

Figurel-8 Structures ofnutritional LGCPUFAomega3 fatty acids.The carbon chains
INB fFr08SffSR FTNRY (GKS 2YS3II 2 NpRWe3 Thg R ! [ !
structures of EPA and DHA demonstrate the differences in physical characteristics of carbon
chains with differing chain lengths and desaturatioBERA and DH/AStructures were
downloaded fromPubChem (NCBI) ar8D image was generateth Accelrys Disccovery

Studio 4.1

Traditional dietary sources of these compounds are oily fish including herring,
mackerel, sardine and salmd@RuizLopez et al., 2014bHowever, wild stocks and
fish farms will not be able toope with increased global deman@urthermorethere
are concerns regarding accumulation of environmental pollutants (e.g. mercury) in
fish, problems with perceived offensive smell/taste, and unsuitability of fish
supplements for individuals following @&getarian diet $ alternative sources are
needed(Brunner et al., 2009; Rulopez et al., 2014b; Ryckebosch et al., 2014; Tang
et al., 2016a)Some algae contain naturally high percentages of EPA omitkiA
their lipids such as the diator®Phaeodactylum tricoiitum (Lang et al., 2011jhe
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marine algaNannochloropsigjaditana (Bellou and Aggelis, 2012; Slocombe et al.,
2015, andfreshwater algavilonodus subterraneu@hozinGoldberg et al., 2002)

Microalgae are ultimately the primary producersEfPA and DHAThe levels
of EPA and DHiA high producers range fro 21-45 % which is comparable to many
other microbialsources including bacteria and fungi (s&garmeVega et al., 2012
for a review). The screening and characterisation of culture collections is a valuable
way of identifying promising production strains and was successfully used to identify
a salttolerant strain of Chlorellasp. with high fat content containing &eneficial
dietary ratio of ALA compared to LAinoleic acidSlocombe et al., 2013).A is an
omegab fatty acid whereas ALA is ome8alt has been shown that western diets

have too much omegé compared to omeg& (Pereira et al., 2012)

Interestingly, 70% of fish oil is used in aquafeeds and there is an
acknowledged limit in the supply of EPA and DHA from aquaculture sources which
leaves the market open for other sources such agoalgal biomas@Chauton et al.,

2015) Microalgaeare already anestablished alternativesource of DHA in infant
formula(AdarmeVega et al., 2012 here have beesuccessful efforts to modify the
metabolism of the ERAroducing microalgd.tricornutumto additionally produce

DHA by expressing heterologous genes in the omega 3 pathway. This resulted in an
8-fold increase in DHA content from trace lev@$amilton et al., 2014) Other
sources of EPA and DHA includenetically engineered oilseed crops such as
Camelina sativgRuizLopez et al., 2014b, 20144ahough these have a disadvantage

in reducedbiomassproductivity compared to algal systems of producticrhe
market for EPA and DHA is reportedly 300 million and 1.5 billion USD respectively, so

they are an attractive product from microalgae.
1.3 Fattyacidmetabolismpathwaysand functionin microalgae

There has beeincreasing interest in microalgal lipid métlism over the
past decadewith agrowingnumber of publicationgLiu and Bening, 2013)In order

to manipulatethe lipid profile towards such preferable products such as TAGs or a
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specific LPUFAIjt is important to examine the lipid metabolism in microalgaed

more specifically green microalgae in relationGsorokiniana

The lipid pathways in microalgae are not fully elucidated although bottlenecks
and key enzymes have been identified by transcriptomic stugkas et al.2015;
Klok et al., 2014; Muhlroth et al., 2013 lot of initial insight was gained through
comparisons of microalgae with plant lipid metabolism, however, that itself is not
fully elucidated either and these insights are not necessarily applicalbhctoalgae
with many differences found between plant and algal pathwdigs and Benning,
2013; Merchant et al., 2012)Also, within microalgae, lipid metabolism itself is
diverse. For example, this is highlighted in the model &lgamydomonaw/hich has
no phosphaditylcholine (a membrane phospholipid), although this is present in other
microalgae, and in plants it hasceucial role in the transfer ofle novofatty-acids
from the plastid to the acyl CoA pool in the cytoplasm. In the cagehtdmydomonas
betaine lipids such as DGTSXdiacylglyceryB-O-4'-(N,N,Ntrimethyl)-homosering
fulfil this role(Liu and Benning, 2013)

Ultimately a simplified general scheme can be provided as an @vemwhich
has been reviewed many timesgthin several different contextsT@ble1-1). Using
these references, a general scheme for algal lipid metabolism and the$agtoch

affect it is discussed belowigurel-9).
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Context

References

Oleaginous microbes

(Bellou et al., 2016; Garay et al., 2014)

Microalgae in general

(Bellouet al., 2014; Khozi®oldberg, 2016; Schiilg
etal., 2017)

Using the modeChlamydomonas
reinhardtii

ChlamydomonagBoyle and Morgan, 2009;
Gargouri et al., 2015; Johnson and Alric, 2013; L
Beisson et al., 2015; Liu and Benning, 2013;
Merchant et al., 2012)

In Chlorellasp.

(Fan et al., 2015; Wu et al., 2015)

Within the congext of biofuels

(Hu et al., 2008; Williams and Laurens, 2010)

Focusing on TAGs

(De Bhowmick et al., 2015; de Jaeger et al., 201
Lenka et al., 2016; Merchant et al., 2012; Schiilg
et al., 2017; Zienkiewicz et al., 2016)

Focusing on highialue products

0. Stt2dz SG It dX HnamcT
Fiho, 2016; Garay et al., 2014; Klok et al., 2014;
Martins et al., 2013; Minhas et al., 2016; Schdler
al., 2017)

Whole cell carbommetabolism and
metabolic networls

(Boyle and Morgan, 2009; de Jaeger et al., 2014
Fan et al., 2015; Gargouri et al., 2015; Johnson

Alric, 2013; McKi«risbeg et al., 2018; Wu et al.,

2015; Xie et al., 2015; Zhan et al., 2017)

Modelling approaches

(Lenka et al., 2016)

Molecula basis and potential
target genes for over/under
expression

(Cecchin et al., 2018;-Beisson et al., 2015;
Merchant et al., 2012; PereZarcia et al., 2011;
Zienkiewicz et al., 2016)

Table 1-1 Reviews covering lipid metabolism of microalgae in various contexts.

Note some references are repeated.

Fatty acids are an important part of the cell physiolofglgae After theirde

novosynthesis in the chloroplast by thgpe IIFASwvhich yields C16:0 (Palmitic) and

C18:0 (Stearic) acyl chains attached to acyl carrier protein (&@})are destined

for multiple fates(Figure1-9). Firstly,it should be noted that the C18ACP may

undergo a initial desaturation reaction in the chloroplagt yield C18:1nACP

(oleic) and is therefore often classed as a third species yielded from the FAS Il cycle

(Figure 1-9). The fates of these three speciesay then be: incorporationinto

phospholipids (also called glycerophospholipids), which form part of the cell

membranes,

diacylglyceral

specific  glycoglycerolipids

such &DGD (monogalactosyl

DGDG (digalactosydiacylglycergl and SQDG(sulfoquinovosw

diacylglycerglwhich form thethylakoid membranesand incorporation intcstorage

glycerolipid triacylglycerol (TAG) which can accumulate asdipipletsin both the

cytosol andthe plastid. Some fatty acids undergo additial elongation and
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desaturation reactions to yieltbng-chain polyunsaturatedfatty acids(LGPUFA)

such as EPA and DH#hich are then incorporated into the different lipid classes
(Figurel-10). Some of these fatesuch as LEUFA synthesisgly on export of fatty

acid acyl chains out of the chloroplast where they are then attached to Coer&yme
(CoA) to form the AcyCoA pool Eigurel-9). There is adrge diversity of fattyacid

chain length across different microalgal species and not all microalgae synthesise LC
PUFAs naturally. For exampl€hlorella sorokiniana UTEX1230 only naturally
accumulates fatty acid up to ALA (C18:3n3) and therefore reqexpsession of

heterologous enzymes to complete the omeg@athway Figurel-10).
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The committing step to FA
biosynthesis

j\ con ol U ACP

~“OR  ATP CoA

H;ietyl—?ioA —— HO 50 (Acyl-Carrier

Malonyl-CoA Protein)
HS-CoA;
For first ‘turn’ only, CO, o Q

instead of Acyl(n)-ACP Ho)Jvu\ACP ACP

Malonyl-ACP co,

The fate of the acyl chain

0o o

0 H M

HN oy y A When S (CH).- ACP
(CHy) ™OH n=16 or 18 o o Aeyl{ns2)-ACP
) T ciroace P )J\/[]\ y!
Free Fatty-At\led (Acyl) C16:0-ACP (CH,), ACP
C18:0-ACP |
(C18:1n9-ACP) Acyl(n)-ACP ——
e N reactions
Plastidial Cytosolic H,0

Acyl-CoA pool Acyl-CoA pool . 2 NAD(P)H

(requires FA export)

2 NAD(P)*
~—
‘__»-“"_— .“‘«_\‘ \‘\‘ _
Membrane lipids ,  TAG and Lipid Droplets , .- LCPUFA(C20 10 22) PUSFAntEiSi:O 22
Phosphoglycerolipids ™, (Storage) synthesis

. —in Endoplasmic Reticulum
e using C18:0 and C18:1n9

Glycoglycerolipids
Figurel-9 Summary of fattyacid metabolism in microalgaeDe novosynthesis of

the fatty-acid chain occurs in the chloroplasgtcetytCoA precursors fate is determined for

fatty-acid biosynthesis once the reaction to male@@dA is catalysed by AcebA

carboxylase (ACCase). On fhst initiating step of the Fatty Acid Synthasg@ Il (FAS II)

cycle, AcetyfCoA and MalonyACP (ACP: aeyadrrier protein) are the substrates to form the

first acytACP. After this, the FAS Il reactions sequentially add on two carbons to the growing

acyFACPchain for each turn of the cycle until trecylchain reaches 16 or 18 carbons, at

which point it is released from ACP to become free fatty acid {[F&)FAS cycle is overall a

condensation and requires reducing power as NAD(PJt¢. main possibléates of the

nascent FA are showAlthough notincluded in the diagramthere is evidencef transfer

from the phospholipids and TAGs via enzymes such as RibA3pholipid:diacylglycerol

acyltransferasg Figure drawn usinghe following referencess aguide (Fan etal., 2015;

Garay et al., 2014; Khoz@oldberg, 2016; iBeisson et al., 2015; Schiiler et al., 2017)
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Image(s) removed for copyright
purposes, please refer to original
source as described in figure
legend.

Figure 1-10 LCPUFA synthesis pathways in microalgaélsing the mone
unsaturated fatty acid oleic &t (OA, C18:1n9which is one of the outputs from fattgcid
synthesis in the chloroplast, the carbon chain undergoes sequential elongation and
desaturation reactions following either an ome8ar omegab pathway. This takes place in
the endoplasmic retiulum and therefore the OA must be exported out of the chloroplast to
join the cytosolic acyCoA pool before l-BUFAs can be synthesised. This figure is modified

from Bellouet al. (Bellou et al., 2016)

Examples of the types of lipid and different classes are summaristabie
1-2. The multiple types of membrane lipid have different functions in terms of spatial
packing. For examp)ePA (phosphatidic acidand PEphosphatidylethanolamine)
have a large tail area compared to their head, and therefore can induce concave
curvature in a membrane whereas @hosphatidyinositol) hasa small tail area
compared to the kad and therefore induces convex curvaturand PC
(phosphatidydcholine)is cylindrical(Garay et al., 2014) This is the same for the
photosynthetic glycolipidsvhere MGDG tends to be conical but DGDG and SQDG are
cylindricaDa Costa et al., 2018 G ighe only phosphopid in thylakoidmembranes
but it is alsofound in extraplastidianembranesandis the only type thatontains
the acylspecies 16:A3-trans at thesn-2 which is important for photosynthesat low
temperatures (KhozinGoldberg, 2016)In contrast to membrane lipidSTAGs are

used by the cell aa form of carbon storage and require reducing power in the form

45



Chapter 1

of NAD(P)Hluring their synthesisHigure 1-9). In TAGbiosynthesis the terminal

acyltransferases are seen as the Hitaiting step(KhozinGoldberg, 2016)

The patterning of the acyl chains in the various positiotn§AG andAG
derivativescan also give information about their pathway of synthesis. For example
chains of 16 carbons atthe sn L2 AA 0 A2y &dz33SaiG adeyiKSara «
chloroplast pathway and chains of 18 carbons at th gosition are characteristic
2T GKS WSdzl I NBE2GAOQ LI i KhoziaGokdhyerg, 816 LISY R2 LI | &Y
Beisson et al., 2015; Liu and Benning, 2048yl chainsnay be transferred between
these different pools, for example polar membrane or thylakoid lifsidsn various
locations can be sources for neutral lipids by cell remodelisigg enzymes such as
PDAT ghospholipid:diacylglycerol acyltransferaséGaray et al.,, 2014; Khozin
Goldberg, 2016)Alternatively neutral lipids nay be synthesisede novoand key

metabolic intermediates can pool in stratedpcations(Garay et al., 2014)

It can be seen that there are manyetabolic elementsnvolvedin fatty-acid
synthesigFigurel-9). Ultimately, the fate of the fatty acids relies on the availability
of the acylCoA pool and its lociin, and the availability of the other key substrates
such as G3P (glycet®phosphate) and acetyCoA. However, these elements are an
important part of other cellular metabolism too and availability depends on the
balance between other processes such the Calvin cycle and glucogenesis.
Therefore, consideration of the whole cell metabolism is required to understand the
mechanisms properly, but this is beyond the scope of this wéwk.seen irFigure
1-9, fatty acid synthesis occurs in the plastid by the complex Fatty Acid Synthase. The
inputs for this are Malonyl CoA, from acetyl CoA with synthesis also requiring
reducing power in the form of NAD(P)Fhe enzynes are omitted fronfFigurel1-9
apart from the one catalysing the committing step the FA biosynthesis, ACCase, which
has been a target for genetic engineering appraacfor increasing lipid content in
microalgae(LiBeisson et al., 2015)n terms of how neutral lipid accumulation as
energy sorage fits into the rest of the cell metabolism, it has been shown that the
cell needs more reducing power (NAD(P)H) and ATP than other storage compounds
such starch and other polysaccharides derived from glu¢@Gaeay et al., 2014,
MacDougall et al., 2011; McKi&isberg et al., 2018; Williams and Laurens, 2010)
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Lipid name Type Function Key precursors
and enzymes
involved

MGDGand DGDG Glycoglycere | Thylakoid PA

(mono- or di-galactosyl | lipid (polar) photosynthetic v

diacylglycerol) membranes PAG

SQDG (sulfquinovosy | Sulfeglycero MGDG+DGDG SQDG

diacylglycerol) lipid (polar) Synthesised in

chloroplast

PG (phosphatidyl Phosphe Cell membranes Ultimately PA,

glycerol) glyceralipid (especially which yields DAG

PE(phosphatidy (polar) phospholipidbilayer) | and CDIDAG

ethanolaming cell signallingPG precursors.

PC* (phosphadityl occurs in both Reaction details

choline) plastidial and non not shown, but are

Pl(phosphatidy plastidial membranes, reviewed in

inositol) (KhozinGoldberg,
2016)
Synthesised
outside the

chloroplast except
PG can be both.

PA(phospatidic aid) Minor constituent of | &3p Acyl-ACP or
membranes, Acyl-CoA
important
intermediateto all Lyso-PA
glycerolipids Pt\

TAG(triacykglycerol) Glyceralipid Storagdlipids. Acyl-ACP or

. Acyl-CoA_ PA
(neutral) Desirable form for =~
biofuel conversion DAG
TAG
Synthesised in
Endoplasmic
Reticulum
6aYSyYyyS
tFGKgl &4
chloroplast

DGTS Betaine lipid Functional equivalent | DAG(details not
of PC in some shown, refer to
microalgae Other (KhozinGoldberg,

betaine lipids exist. | 2016)

Table1-2 Common lipid productgpresent in microalgaeDGTS1,2-diacylglyceryl
O-4-(N,NN-trimethyl)homoserine PAP: phosphatidate phosphataseGPAT:glycerot3-
phosphate acyltransferase LPAAT: lysophosphatidic acid acyltransferase DGAT:

diacylglycerol acyltransferaskysePA:lysophosphatidic acid
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1.4 Strategies for enhancing>PUFAandlipid contentin microalgae

Although one strategy for improving microalgal production strains is te bio
prospect for new strains and screen for a desirable lipid profile, there is much
research directed towards enhancing desirable parameters of curremiyacterised
strains. There are different aims in this: firstly, to increase the total neutral lipid
content for biofuel purposes, and secondly, to obtain an ideal fatty acid chain profile.
Depending on the purpose of the production strain, these requinetmavill differ.

As discussed previously, the neutral lipids such as TAGs, which accumulate as oil
bodies, are preferred for biofuels because the phosphorus and sulphur present in
other lipid classes is inhibitory to the transesterification process usedhaie
biodiesel from extracted lipids (which therefore affects the total yields), and also
sulphur is a contaminant in enginfs et al., 2008; MacDougall et al., 2011; Williams
and Laurens, 2010)n terms of lipid profile, saturated or moamsaturated fatty

acids are generally preferred with a typichkin length of 18 carbons, though shorter
chains are ideal for jet fueOlmstead et al., 2013; Williams and Laurens, 2010)
Ideally, strains would exhibit multiple desirable characteristics to allow for harvesting

of several usefybroducts.

The screening of existing mialgal culture collections highlighted some
interesting observations including strains which had anomalous profiles for their
taxa. For example, ARArachidonic acidjvas found in exceptionally high amounts
(up to 73.8 % or 120 ug/mg dry weight) in thearophyte Palmodictyon variunsAG
3.92 (Lang et al., 2011)However the authors also note that predicting PUFA
contents at species and genera levels is unreliable and hence during bioprospecting

each strain should bexamined individuayi(Lang et al., 2011)

Multiple strategies for altering TAG content and the fatty acid profile of
microalgae have been used by the research communitgsé&tare discussed below
and include manipulation of growth conditions and genetic or metabolic engineering
to up or downregulate key enzymes in the lipid biosynthetic pathw@trategies for
increasing LPUFA include screening for new species that ateraly high in these

products (Socombe et al., 2015) assaying and determining optimal growth
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conditions for lipid accumulatiofHallenbeck et al., 2015a, 2015b, 201%x)genetic
engineeringHamilton et al., 2014; Leveg et al., 2015)

1.4.1 The importance of productivity

Some species of microalgae are naturally oleaginous, accumulating lipid
contents of up to 75 % of cell dry weight (for examBl&ryococcusp,) but more
commonly up to 50 %Chlorellasp., Nannochloropsisp. and P. tricornutum) (De
Bhovmick et al., 2015)However, there is large variation between reports that
probably reflects either strain or species variations, or various cultivation conditions
65Q! £ Saal yRNR I Yy R Addijioiadyythedigidicon@nit bf Keflsdmust 1 M ¢ 0
be balanced with the productivity and growth rate in terms of biomass per litre of
culture per day to be economically viabl®raaisma et al., 2013For example,
Botryococcusp. productivity in terms of biomass was only 0.§P'd* whereas for
P. ticornutumit was 0.31.4gl:*d%, showing that althougP. tricornutumhas a lower
overall lipid content it could be a better strain to use for commercial produdiie
Bhowmick et al., 2015)C. sorokinianahas shown to have productivities of 1.47 to
12.2gL*d* and although in these cases onlgchlipid of 1922 % dry cell weight, the
productivity compensates for this comparatively lower lipid contébé Bhowmick
et al., 2015)There is also an economical balance in terms of processing cost, because
higher volumes of biomass are more costly to process by procedures such as
centrifugation.Though for a higivalue product, such as the nutritional omegdatty
acids EPA and DHA, lower productivities and amounts are tolerated due to the high

market value of the final product.

The productivity of a culture depends on the input of nutrients @sghysical
growth conditions. Highest productivities are gained in intensive cultures in
photobioreactors, but these have higher setup costs than other systems such as open
ponds. However, a benefit of using bioreactors is that more precise contrdbean
achieved, and they do not rely on the external environment. Therefore, issues such
as the weather are not a problem which means they can be grown all year round.
They are also less likely to get contaminated than open pond systems, which can be

a signifcant problem for outdoor cultivation.
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There is a large diversity in the species, and indeed strains, that have been
characterised for lipid productiod . KI N} G KANJI 2 SG Ff ®Z wamtT
Antoniosi Filho, 2016; Schuler et al., 201Jhe issue is that it is difficult to compare
productivities &ross these isolated reports because of the many differences in
growth conditions ranging from base media to abiotic factors. Additionally,
productivity may not be directly reported, as was found to be the case in a survey of
published data orNannochloropissp. (Xu and Boeing, 2014The autlors of the
survey also argue that a more valuable measure to be reported would be maximum
sustainable yield, which is better aligned with fishery management and wildlife

management sectors to which the oil product is a competiu and Boeing, 2014)
1.4.2 Abiotic gowth conditions and nutrient sts®es

The factors affecting microalgae lipid accumulation and profile have been
extensively surveyed and reviewed many ting€sen et al., 2017; De Bhowmick et
al., 2015; Minhas et al., 2016; Sayanova et al., 2017; Zienkiewicz et al., P04&3
can be divided into abiotic conditions such as light, temperature, salinity, pH and
nutrient stresses such as deprivatioaddition of chemicals andhodification of
growth mode to mixotrophy or heterotrophy (supply of external carbon sources).
Many studies imestigate a couple of parameters on growth. Although this is valuable,
it would be beneficial to employ a stratetige that was first employed by Eveetsal
and subsequenthyVolf et al., Hallenbeclet al. and others (Evens and Nied2010;
Hallenbeck et al., 2015a, 2015b, 2015c; Kanaga et al., 2016; Wolf et al., @Qb5)
conducted multi-parameter highthroughput screens to optimize nutrient
requirements They highlight that muHlparameter response optimisation gives
better performance than optimisation of single parameter responses and that
optimal values differ when considered in combinati@nd that there are strain
specific differences even between the same species. Additionally, Kahalgaeport
that their photoautdrophic growth rates obtained as a result of their optimisations

are amongst the highest reportdékanaga et al., 2016)

Perhaps the most weknown strategy for inducing lipid accumulation,

especially imeutral lipids such aBAGs, is to place the cells undee nutrient stress
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of depletednitrogen(Chen and Johns, 1991; Draaisma et al., 2013; Klok et al., 2014,
Li et al., 2016)A disadvantage with this approach is the impeded growth the
results from the stress since cells become unable to dividhe premise of
redirecting their metabolism to storage compoundg)though one study using
Chlorellasorokinianareported an unimpeded growth rate under nitrogen stress for

up to two weeks(Negi et al., 2015)this is not common. This stress response is
universal across microalgal diversity; for example in bdthlorella sp. and
Nannochloropsisp. which are in different evolutionary grouf¥sgurel-1), depleted
nitrogen increases the proportion of neutral lipid, reduces giyoad phosphdipid,

and increases the total lipid per biomass, showing that although some of this is cell
remodeling, it is also extra synthegi®Ilmstead et al., 2013 owever, it was recently
shown in a thorough multivariate screen that unexpectedly there was little
correlation between nitrogen contenand lipid accumulation(Hallenbeck et al.,
2015a) This shows that even wadbktablished observations may have hidden
complexitiesdue to confounding effects of ionic conte@Evens and Niedz, 2010)
Other nutrient stresses resulting in neutral lipid increases include deprivation of
phosphorus(Wu et al., 2013and suphur (La Russa et al., 2012}hese effects can
also at in synergy, as shown with nitrogen and phosphorus @hlorella

minustissimgArora et al., 20153nd ChlorellgprotothecoideqYugqin Li et al., 2014)

Carbon supplementation can altahe trophic modeof the microalga from
phototrophy to mixotrophy or heterotrophywhen the microalga obtains energy
from uptake of the organic molecules instead of in combination with, fixation of
atmospheric carbon dioxa&l Different trophic modes havieeen shown tanducea
significant effecton the lipid content of microalgaeHeterotrophy is typically
associated with an increase in lipji¥liao and Wu, 2006; YuQin et al., 2016pr
example,in C. sorokinianaUTEX 1230heterotrophic cultivation yieldedwice as
muchTAGscompared o phototrophy(Rosenberg et al., 2014\nother example is
C. protothecoidewhich was reported to have four times the amount of total lipids in
heterotrophy compared to phototrophyXiong et al., 2008)hese changes in lipid
composition are a result of a metabolic fhin the carbon flux of the cell from

carbohydrate production to lipidéRen et al., 2016)it can also alter the fat acid
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profile; in the case ofC. protothecoidesupplementation with glucose resulted in
increased saturated fatty acids in the profiiRen et al., 2016)For C vulgaris
supplementation of 10 g/l glucose resulted in the same final cell deasihe control

but a faster growth rate and nearly double the dry weight of cells. However, the PUFA
content was lowe(Kirchner et &, 2016) so this strategy may be more relevant for a

biofuel application than for increasing higilalue omege3 lipids.

Light intensity can affect the lipid content of the cells becdige can induce
a metabolic shift in carbon metabolis(Ran et al., 2015)The effects vary between
species and are reviewed by Chenal (Chen et al., 2017)For example irC
sorokiniana a mixotrophic cultivation strategy resulted intlaree-fold increase in
lipids relative tahe absence of light in true heterotrophy. Li et al., 2014However,
for C. zofingiensjssupplementation of glucosked cultures with light reduced the

lipid content and increasd starch insteadT. Chen et al., 2015)

Other strategies include culturing with growth promoting bacteria by
immobilising on alginate beadd.eywa et al., 2014) Chemical inducers of lipid
accumulation have also been investigatéat example Brefeldin A, a drug known to
affect the Golgi apparatug-ujiwara et al., 1988has been found to be effective @
reinhardtii and to a lesgr extent, C sorokinianaUTEX 123QWase et al., 2015)
Overall, the effect of growth conditions on lipid metabolism in microalgae is a highly
complex multifactor processence there can beontradictive responseeported in
the literature. This is an inherent part of their physiological response to, and survival

in, a changing environment.

1.4.3 Genetic engineering

Although there has been success with different culturing conditions and
supplements in changing lipid gfiles and increasing TAGs, ultimately an
understanding of the lipid metabolism pathways and genes involved would allow for
increased controthrough metabolic engineering by upregulating or downregulating
certain genesnvolved in lipid metabolism to dict the cell towards these products
Genetic engineeringam alsobe used to introduce entirely new pathways into an
organism to make nonative or non-naturalfatty-acids.
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Genes which have shown some effect on lipid content in various studies
include digyceride acyltransferase (DGAT) which is involved in the final-TAG
committing step of the Kennedy pathwggee Table 1-2), and acylACP esterase
(AAE) which is involved hydrolysis of the mature fattgcyl chains to create a pool
of free fatty acidgKlok et al., 2014For DGATthis enzymehas been identified aa
rate limiting step in TAG biosynthesgisplants(Lung and Weselake, 2008here are
in fact multiple DGAs in microalgae but the specific function of each one has not
been fully elucidatedWhen characterised in the oleaginous microal@avulgaris
DGAT1 was found tbbe expressed constitutively at a high level, unlikeC
reinhardti. The authors sugge#tat the higher DGAT1 expression could explain the
relatively high oil content (40 % by dry weight) ©f vulgariscompared toC.
reinhardtii (Kirchner et al., 2016)

For increasing TAG, one metabolic engineering strategy is to eliminate
competing pathways sincas starctbiosynthesis. This was successfully employed for
the microalgaC reinhardtiito increase TAG content, but the level of TAG still did not
reach that of some naturally oleaginous microalgae Jaeger et al., 20147
promising strategy would be to use this approach on an already oleaginous ajae
wasdone successfully f@cenedesmus obliquuithout compromising total biomass
or photosynthetic efficienc{Breuer et al., 2014However, other evidence presented
in C. sorokiniana demonstrated thatthis approach of simply reducing starch
accumulation can be too simplistic, and that carbon partitioning is a more complex
process(Vonlanthen et al., 2015 Characteisation d the transcriptional changes
occurring in cells underitrogen stress ianotherstrategyto identify potential gene
candidates for oveexpressiof{Goncalves et al., 2016; Hernandkarres et al., 2016;

Vello et al., 2018; Zienkiewicz et al., 2016)

In terms of targeting the synthesis of -POUFAS, key steps for £Rnd DHA
involve lengtheninghe carbon chain via elongases and desaturation of the chain to
form double bondgFigurel-10). Genes important for this have been identified and
sequences are known isome green algae: for example delh and delta6
desaturases, and delta 5 elongastamilton et al., 2014; Vaezi et al., 201)me of
thesehave been used successfully to upregulate DHA tncornutum (Hamilton et
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al., 2014) Interestingly, ér Chlorella pyrenoidosa,it seems that some lipid
metabolism genes arose via horizontal gene transfer from bacteda et al., 2015)
This suggests it coule feasible to widen the pool of potential genes to target to

include those of oiproducing bacteria.
1.5 ChilorellssorokiniandUTEXL 230 as a strain of industrial interest

1.5.1 TheChlorelldaxonomyandgeneral characteristics

The now typespecies ofChlorella Chlorellavulgaris Beijerinck was first
formerlydescribed in 189(h an article in Germahy MarcusBeijerinck who also re
Of FaaATASR a2YS LINBOJA 2 dehloralless éA RE8piglla FA SR &ad Yo
(Beijerinck, 1890; Shihira and Krauss, 198B)ough controversial at firstitis now
the accepted designatiofProschold et al., 2011} K S & Schidrétes 2 6 SO2 Y S
especiallyrelevant laterin this thesis because frde&ving formsare susceptible to
chloroviruses Furhtermore the symbioticChlorellavariabilisSNC64A (also known as
CCAP 211/84) was the fir8hlorellasp. to have a sequenced genonfBlanc et al.,
2010) In the decadesZt f 2 6 Ay 3 . SA 2 S NiprgxO10a03spedleS DA Ay | G A 2y 3
microalgae were assigned to this classificatjbno et al., 201Q)with the definition
of coccoid autosporic green cells covering a multitude of different spéBeasdelet
et al, 2017) Multiple subsequentand sometimes competing (for examp{Kessler,
1976; Shihira and Krauss, 1965pxonomic revisionseventuallyt SR 2 & 0 NHzS €
Chlorellasp. being identified, and the rest assigned different gengtaased on
molecular analysiéBaudelet et al., 2017; Champenois et al., 2015; Luo et al., 2010)
C. vulgaris became historically importanas a sirple model for studying the

physiological process plants such as photosynthegisrienitz et al., 2015)

Some of themore weltknown re-designatedgenera includeParahlorella
kessleriAuxenahlorellapyrenoidosa and Auxeugblorellaprotothecoideswithin the
same class of Trebouxiophyceasd Chloromchlorizofingiensisnow in the sister
class of Chlorophycegspecies name is the same, genus name for all of them was
previouslyChlorellasp) (Baudelet et al., 2017; kenitz et al., 2015)However it is

worth notingthat these historical species are sometinre¢erred to colloquially as
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within the general ‘€hlorellacladeQ (Luo et al., 2010)Of the nowresolved true
Chlorellasp.there includes species of the typical green sptedrcellsC. vulgaris, C.
lobophoraandC.sorokiniana Additionally there are some species of f@amecium
bursiasymbionts(Luo et al., 2010; Proschold et al., 20fhjich are susceptible to
infection by chlorovirus and affected the subsequent classifications of the viruses
themselves, which are grouped aecding to the microalgae in which they infect.
Finally, there are som€hlorellasp. which do not share the typically morpholagy
instead the may haveucilage envelopes and the ability to form colonfkeso et al.,
2010)

As me reportonly a few years ago statethe phylogeny oChlorellasp.is a
Wy A 3 K iand lew® & the molecular level can vary depending on the genetic
markerused(18S rRNA or ITS@jeeg and Wolf, 2015pnd it is likely that species
revisions will continu¢o occur(Baudegt et al., 2017)Although it isvaluable to have
the correct taxonomic status, it imfortunate that the many thorough physiological
characterisationghat were done in theearly studieqfor exampleBonaventura and
Myers, 1969; Sorokin, 1959; Sorokin and Krauss9;19orokin and Myers, 19%8re
now difficult to link to their modern namesand so this information may be loghless

currentauthors are careful to acknowledge the old names

Interestingly, these reclassifications mean their classification in food
cataloguesvhich are responsible for legislative control of the sale of these organisms,
Aad y20 dzZJ G2 RFGS FyR aidAft tChioidla SNEBILIS R NR § E
asC. lutoviridis, C. vulgarad C. pyrenoidoséBaudelet et al., 2017; Champenois et
al., 2015; European Commission, 2016¥ these,C. pyrenoidosas no longer a
functioning taxonomic name. This is worth bearing in mind since so many industrial
algal projects are based on making foodstuffs from micmalgnd in primary

research theselownstrean considerations are sometimes overlooked

Other difficulties include that evenat the species level there are obvious
phenotypic differences betweetihe multiple strainsof C.sorokiniana For example
there isC.sorokinianaUTEX 2805 which also tolerates growth conditions similar to

UTEX123Q0de-Basha et al., 2008)UTEX 2714 which is less thermotoler@Bashan
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et al.,, 2016)and astrain C. sorokinianaDOE 1412 wise maximum growth rate
occurs around 37C (Lammers et al., 2017)Additionally, thecommon laboratory
method of culture maintenance by propagation nutrientagar encourages growth

over multiple generations and genetic drift.

Thisstrain variation is also seen withthe fatty-acid profile. Interestingly, a
lipid analysis of th entire SAG culture collection included fi@esorokinianastrains
including 2118k (equivalent to UTEX1230) asdowhigh variation in the lipid profile
as determined by FAM&C or FAMMS(Lang et al., 2011fFigurel-11A). In addion
to standard fattyacids, theauthors also characterised other compounds, and
surprisingly those present irC. sorokiniana include phytol, hexadecanamide
(palmitamide)and 9Z-octade@namicde (oleamide) The latter two are primary fatty
acid amidederived from palmitic acid (16:0) and oleic acid (1), respectively.
Primary fatty acid amides are known to serve as signalling l{ge&li etal., 2010;
McKinney and Cravatt, 2008)nd are not well characterised outside mammalian
systemgKim et al., 2010)0ut of the fivestrains,C.sorokiniana211-8k also appears
to have a high level gihytol (Figure1l-11B)whichis an importat part of Vitamin K
and Vitamin E, is used as a fragrance and has medicinal qualities such as antioxidant,
anti-inflammatory, some antimicrobial activity and has been investigated as a drug
for Schistosomiasigde Moraes et al., 20140fthe strains,C.sorokiniana211-8k
(UTEX1230) has comparatively high amounts of these alternate compounds as
percentage per cell which reduces the total amount of the other normal fatty acids
(Figurel-11).
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Figure 1-11 Fatty-acid profile of five Chlorellasorokinianastrains from the SAG
culture collection.Data fromsupplementary data of Largf al., 2011(Lang et al., 2011}
usedto make these graphd-or clarity the data iseparated sdA\. Shows normal fattyacids
and B. shows alternative products characterised including primary fatty acid amides and
Phytol. Strain 21:Bk is the same &8.sorokinianaJTEX1230.

1.5.2 ChlorellasorokiniandJTEX 1230 characteristics and studies

The $rain of C.sorokinianaused in this work is UTEX 1230 from the University

of Texas Culture Collectiqhttps://utex.org). It was first described in 1953 as an

undesignatedChlorellastrain Tx 71105hat had an optimal growth temperature of

39 °C (stable range 25.5 to 41.2) and reportedly the highest photosynthetic rate per
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cell material of any organism at the tin{€orokin and Myers, 1953)Subsequent

characterisation experiments were conductety RSNJ (G KS @tbeelladyl GA2Y a
pyrenoidosahightemperaturestrain Z11-n pcbmparedtothed 9 YSNER 2y ¢ &G NI Ay 2
C. pyrenalosa(now Chlorellaemmersoni which could not withstand such growth

conditions (Sorokin 1959; Sorokin and Krauss, 19%@fore assuming & correct

taxonomic name ofChlorellasorokinianaShihira and Kraus&hihira and Krauss,

1965) Versions ofC. sorokinianaUTEX1230 are deposited in multipleulture

collections under different names for example as CCAP 211/8K

(https://www.ccap.ac.uk and SAG 218k (http://sagdb.unigoettingen.dg (Figure

1-12) and therefore some publications may refer to these names.

Image(s) removed for copyright
purposes, please refer to original
source as described in figure
legend.

Figure1-12 Micrograph ofChlorellasorokiniana SAG 21Bk is the equivalent of
CCAP 218k and UTEX 1230. This image is reproduced from the SAG culture collection
(http://sagdb.unigoettingen.dg.

C sorokinianaUTEX 123(has been characterised as fastoging with
doubling timesreported of 2.6¢ 5 hours(Li et al., 2014; Sorokin, 1959; Sorokin and
Krauss, 1959)t isable towithstand temperatures up to 4Z(Li et al., 2013; Sorokin,
1959)and high light intensityCuaresma et al., 2009; Sorokin, 19%%has a cell wall
classified by the presence of glucosamine in the rigid wall and rhamnose as the

hemicellulose sugafTakeda, 1988)The wall contains no cellulose and is dblée
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degraded by acetic acid (though there is some discrepancy with this observation)
(Baudett et al., 2017) Throughout the growth phase &@hlorellasp, the cell wall
begins as single layered but theevelopsas a thredayered structurgBaudelet et
al., 2017) This rigid cell walind small sizean be a problenfor extraction of bie

products as it can be difficult to ruptuskee et al., 2012)

Other physical characteriss include cells of varying (but relatively small) size
of elliptical 3 x 2 to 4.5 x 3.5 pm cells increasing on size t6.8.5m diameter on
glucose, which also causes bleaching of the shallow-Bbeyped chloroplasiShihira
and Krauss, 196%)igure1-12). A pyrenoid surrounded by a thin starch sheath is
present within the chloroplast and is bisected by a double thylakoid membrane as
seen in SEM images of strain 284 (SAG collection strain equivalent to UTEX 1230)
(Ikeda ad Takeda, 1995)This strain o€C.sorokinianais not sensitive to chlorovirus

infection as tested under the name of 28k (Linz et al., 1999)

As for lipids strain UTEX 1230 has been shown to accumduiage levels of
TAGs under certain growth conditiosach as heterotrophy on glucogRosenberg
et al., 2014) These characteristics make it a highly attractive target for biotechnology
and the prodwtion of biofuels or high value products. It has also received much
interest as an industrial alga for biemediation of waste organid&obayashi et al.,
2013)and flue gagKkumar et al., 2014Y he fattyacid profile ofC.sorokinianawill be

discussed in detail in Chapter 3.
1.6 Progress in algal transgenics

To genetically engineer an organism there needsdat least basic molecular
tools availablesuch as stabl®NA transformation methods, good selection markers
and suitable genetic pas such as promotergHlavova et al., 2015)Annotated
genome sequeces and a range of suitable regulatsgquences are also needed for
more complex applicationsinvolving multigene expression and as a supply of
endogenous regulatory sequencddere are currently only a few suitable microdlga
species with these basic tools available. These include the model greerCalga

reinhardtii which hasthe most extensive toolboxhe primitive red or green alga
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Cyanidioschyzon meroland Ostreococcus taurthe diatoms P. tricornutum and
Thalassiosira pseudonayend the EustigmatophytBlannochloropsisp.(Hlavova et

al., 2015) The organism used in this projeCtsorokinianais not among these listed,
though advancements have been made in other members ofhierellasp.genus

in terms d transformation protocols, transcriptomics and genome projects as

discussed below.
1.6.1 Microalgae transformation

Genetic manipulationn microalgae typicallynvolves transformation of the
nuclear genomewith chloroplast transformation possible f@rreinhardtii and a few
other algal species, and the mitochondrial transformation reported only Gor
reinhardtii(Spicer and Purton, 201&)espite there being only a few maalgae with
basic genetic toolkits, in fact over 40 species have reportedly been transformed
successfullfyGangl et al., 2015)'he DNA delivery techniques used successfully vary
between species but can include microparticle bombardment, electroporation,-glass
bead mediated, useof siliconcarbide whiskers, aminoclay nanoparticles,
polyethelene glycol (PEG) mediate DNA uptake, episome transfer by bacterial
conjugation and nuclear DNA insertion Agrobacteriuramediated transformation
(Charoonnart et al., 2018; Gangl et al., 2015; Hallmann, 2007; Karas2&al;,Liu
and Chen, 2016Microparticle bombardment is the most efficient and reproducible
method but requires specialist equipment and expensive gold microparticles
(Banerjee et al., 2016)The targetgenome of choice dep®ls on the application and

purpose of the transgenic strain.
1.6.1.1 Nucleartransformation

Transgene expressiom the nucleushas advantages such as facilitating full
eukaryotic postiranslational modification of proteins including glycosida, and
stricter regulation of transgene expression by using inducible promoters which
respond to a wide range of specific chemical or physiological fa¢Rasala and
Mayfield, 2015) Expressed proteins can also be targeted to specific parts of the
microalgal cell: irC.reinhardtii, signal sequences have been successfully employed
to targe proteins to the cytoplasm, nucleus, chloroplast, or Golgi apparatus for
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secretion(Lauerseret al., 2015) Secretion is especially useful for strategies where
WY A £ 1 Ay 3 &for fedomldirars prdteingih continuous cultivation is preferable
and/or more cost effectivéAkbari et al., 2014)Nuclear genomic engineering has
advanced over the past dede in many organisms to include targeted specific
sequence modifications, gene kneclts or gene knocins by nucleases which have
sequence specific DN#inding modulesThese includeincfinger nucleases (ZFNs),
transcription activatoflike effector nuéeases (TALENS) or associated programmable
guide RNAs (CRISPR/G&s) et al., 2013)in microalgae, this technology is still yet
to be fully established, with only a couplé model sgcies reported so far for ZFN,
TALENsind CRISPerenczi et al., 2017; Gimpel et al., 2015; Hlavova et al., 2015;
Nymark et al., 2016)However, as work in this area progresses, there is much
potential for it to facilitate precise metabolic engineering in microalgae with many

industrial applications for such engineered strains.
1.6.1.2 Chloroplastransformation

For recomiinant protein production, where microalgae are used as-cell
factories, the chloroplast has some advantages over nuclear gene expression. These
include the lack of gene silencing, the potential for pabtronic processing, the
ability to target genes to pecific places in the genome due to homologous
recombination of exogenous DNA, heglhevels of gene expressiatue to the ploidy
of the chloroplast genomemore versatility to expresgienes from different
organisms andlack of glycosytéon (though in sore cases glycosylatiors a
disadvantage depending on product purpas@he plastid can alsoserve asa
compartment within the cell which can protect the recombinant products from
degradation by hostytoplasmicproteases(Akbari & al., 2014; Charoonnart et al.,
2018; Led6rBanares et al., 2004; Specht et al., 20T0¥ulphide bond formation and
phosphorylation are also possible pdsinslational modifications, and there is the

potential for lightinducible expressio(Rasala and Mayfield, 2015)
1.6.2 Sources of genetic parts

Genetic parts include regulatory sequencas;tsas promoters, terminators
and untranslated regions, and also coding sequences suchexsadde markers and
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reporters as well ashose for producing a specific metabolite. Genetic parts may
come from a variety of sources. Typicaldlgal regulatory £quences may be
endogenous or from closely related species as they magee predictable effects
than when using foreign DNAdowever, the successful use of heterologous parts
such as viral promotersas was usedn plants can give rise to high levels of
expresion (Kay et al.,, 1987)For coding sequences, the sourckethe sequence
informationis more likely to b heterologousasthe expression produawill typically
be a nonnative protein such as a herbicide resistagemeor enzymedrom foreign

metabolic pathways.

For manipulation of the metabolism of the cell, upregulation of endogenous
genes can be achiesidoy expressing additional copiesnative genesln the case of
heterologous coding sequences, the use of codon optimisation of the sequence
based on the codon bias @he desired host organism can increase expression
(Heitzer et al., 2007However, there is now increasing awareness that usingrtbst
frequent codons for all the amino acidgithin a coding sequencmay not givethe
bed expression profildbecatse the speed at which the nasceamino acidchain
emerges from the ribosome can affats folding (Zhaoet al., 2017) In fact the best
strategy may béo match the codon usage to that of the native organfsam which
the protein originates, saf an organism uses a particularly rare codon at a certain
position, it is best to mimic this in the heterolmgs host as well, especially if the rarity
is conserved across multiple spec{€uax et al., 2015)For regulatory sequences,
there is also work on creating entirely synthetic parts based on rational minimal
design based on analysis of motifs in the host organiSeranton et al., 2016)
Advantages include that theynthetically designegarts are often smaller as they
can contain condensed versions of endogenous paitsand Stewart, 2016; Vogl et
al., 2014) Smaller constructs are generally easier to manipulate in cloning cycles and
transformation into the host They also amd issues with crostalk from host cell

control.
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1.6.2.1 Available algal genomes as sources of endogenous parts

Endogenous regulatory sequences are commonly used for work in the model
green algaC reinhardtii (Gangl et al., 2015)The use of endogenous sequences
generallyrequires a genome sequenc®f the organism. Alternately, a region of
interest @an be isolated from a genomic extract by PCR vd#generateprimers
designed using the genome of a closely related organism, but this is unreliable
depending on how conservadthe sequace.However, here are now a multitude
of algal genomes available from diverse phylogenetic groups including meey g
algae and red alga€Banerjee et al., 2016; Hallmann, 200Which gives more

possibility for the use of endogenous parts.

At the beginning of this project there was notsaquencedgenome forC
sorokiniana However, now there is much work in this arbaultiple nuclear genome
sequences are available fdChlorella species in online databases. Annotated
genomes have been published f&hlorellaprotothecoidessp. 0710, Chlorella
variabilis NC64A andChlorellapyrenoidosaFACHE and C.sorokiniana(Table 1-3)
(Blanc et al., 2010; Fan et al., 2015; Gao et al., 2@f4heseC pyrenoidosdACHB
9 is the most closely related t6 sorokiniana The variation in the size of these
genomes and the number of predicted genes suggests large amount of diversification
(Fan et al., 2019)ut they can still be a useful reference. However, care must still be
taken when drawing assumptions fo€. sorokiniana UTEX 1230 since lipid
metabolism and related pathways of interest for this project are the least constrained
(Fan et al., 2015YheC.sorokinianaJTEX 123§enomecame out of a large body of
work by the National Alliance for Advanced Biofuels and Bioproducts (NAABB)
consortium funded by the US Department For Enefi§pABB, 2014)The draft
sequences are available online from the Los Alamos National Laboratory website

https://greenhouse.anl.gov/organisms(LANL, 2014)rable1-3). Some genomes are

accompanied wh detailed transcriptomic data'@blel1-3) which provide important
information for informing metabolic engineering strategigsan et al., 2015; Gao et
al., 2014) In some cases, transcriptomic and proteomic analysis were carried out

before a genome was available, as is the cas€fgulgarisUTEX 39%Guarnieri et
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available e.gC vulgarisG27 (Genbank accession AB001684).

Species

Genome characteristics and
notes

Reference/location

Chlorellaprotothecoidessp.
0710 a promising candidate fol
biofuel production

22.9 Mbp, GC 63%, annotated
transcriptomic data available

(Gao et al., 2014;
Wu et al., 2015)

ChlorellavariabilisNC64A a
model in the study of eukaryic
algae chlorovirus virusost
dynamics

46.2 Mbp, GC 67%, annotated
transcriptomic data available,
genome scale metabolic mode
available

(Blanc et al., 2010;
Juneja et al., 2016;
Rowe et al., 2014)

ChlorellapyrenoidosaFACHBD,
an important strain of interest
for protein, starch and lipids

56.8 Mbp, GC 66.6%,
annotated, transcriptomic data
available

(Fan et al., 2015)

ChlorellasorokinianaUTEX
1230 a fastgrowing poductive
strain for biofuel production

58.5 Mbp,annotated,no paper

(LANL, 2014,
NCABB, 2016)

Chlorellasp. 123, a clonal
Aaz2ztlGS wt Ke ol
ChlorellasorokinianaJTEX1230

61.4 Mbp, annotated, no paper

(LANL, 2014,
NAABB, 2014)

Chlorellasp. DOE1412a unique
lab isolate with a closest genet
relationship toChlorella
sorokiniana

59.3 Mbp,annotated,no paper

(LANL, 2014,
NAABB, 2014)

ChlorellavulgarisUTEX 395

63 Mbp no paper, metabolic
model constructed,
transcriptomic and proteomic
data available

(Guarnieri et al.,
2013, 2011;
Huelsman, 2015%)
NCBI BioProject
PRJINA278897

Table 1-3 Nuclear genome sequencing efforts faelectedChlorellaspecies.The
NCBI accession numbers are given. This list is not exhaustive. Those with the reference LANL

2014 are publicly available dittps://greenhouse.lanl.gov/greenhouse/organisms/

1.6.2.2 Reporters and selectable markers

Microalgal selectable markers typically confer resistance to an antibiotic or
herbicide such as zeocin, G4t8Joramphenicol, hygromycin, Basta or Norflurazon.
Reporters typically encode a product such as a fluorescent protein that can be
detected at a graduated level. This can allow for determination of optimal integration
sites and assaying the performancerefulatory sequences such as promoters. The
reporter gene encoding thg. colienzymeb-glucoronidase (GUS) is commonly used

in plants and has been used in microalgal work as (eimar et al., 2004; Li et al.,
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2009; Wang et al., 2007%reen fluorescent protein (GFP) or enhanced GFP have
been successfully expressed and detected in multiple microaigeleding the
models C reinhardtii and P. tricornutum (Kumar et al., 2004) There are now
comprehensive lists of reporters and selectable markers, and records of their use in

different algag(Bashir et al., 2016; Gangl et al., 2015; Hallmann, 2007)

There is also interest in developing marfeze or positive selection systems,
also known as setfloning or ciggenesis, because these am®re amenable to use
industrially. Genetically modified algal strains can omgjgnerallybe cultivated in
enclosed photobioreactors rather than outside, dedeng on the regulations
defining a country(Leu and Boussiba, 2014)jhiscan leadto reduced economic
viability of these strainbecauseghotobioreactors havadditional considerations for
capital andoperational expenditurethan open pond systemglLeu and Boussiba,
2014) These techniques started with research in plant systems which face the similar
regulatory setback@uchta, 2003)in one example, a system for removal of a marker
gene after selection by subjecting plants to heat shock was developed in grapevine

(Dalla Costa et al., 2015)

For microalgae, markdree nuclear transformation has been achievedCin
vulgaris using linear gene expression cassettes containing -DiNding and
modifying domains of the Simian virus 40 (SV40) large T anfig@mma et al., 2015)
For transformation of the chloroplast, markéee systems typically involve the use
2F Ydzilb yi WNBOALASYIQ aA0GNIAYya 6KAOK | NB
positive process based on restoration of function. For example uracil auxotroggy w
a successful strategy used in the green &gaudochoricystis ellipsoid@easai et al.,
2015) InC reinhardtii,0 KS Ydzil yi WwYWCdzZRTQ NBOALIASYG &dGN
grow autophototrophically due to deletion of the psbA gene encoding the core
photosystem Il subunit, DXBertalan et al., 2015) These complementation
approaches work well but can be inaccessible for-nwudel species because the
generation and isolation of mutant lines containing the appropriate phenotype for
restoration is a lengthy and stly procesqWalker et al., 2005)Additiondly, the
dependence on homologous recombination to restore the function in the original
gene means these approaches are generally unsuitable for nuclear transformations
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because homologous recombination is much rarer in the nucleus of most microalgae

(Doron et al., 2016)

There are also safety noerns with the possibility of unwanted horizontal
gene transfer or release of foreign DNA into the environment from genetically
modified organisms. A valuable strategy against this was developataking the
transferred genes unreadable to most microongans by including stop codons in
the DNA which would prohibit translation of the full peptide chain. This was possible
by taking advantagef an unused¥ & icedoitn the C reinhardtii chloroplast and
reassigning the codon to a specific amino agith a modified tRNA carrigfYoung

and Purton, 2015)

Although these markefree approaches arealuable,and no doubt improve
the cost d selection,it could be consideredthicallyquestionable as to whether it is
appropriate to try anctircumventregulations by defining different terms such as cis
genesis olintra-genesis, where strains are engineered only with genetic elements
from phybgenetically related species or a sexually compatible donor rather than
foreign DNA (transgenesis). The bottom line is that all these technologies require the
transformation of the organism, no matter what the source DNA is or whether just a
single baseair has been editedFor example, there are many undesired integrations
and modfications that can happen during transformation and DNA editing
technologies. For example, aberrant integration radn-specific vectorbackbone
DNAduringAgrobacteriuramediatedtransformation has been documented to occur
in plants between 385% of casefGelvin, 2003; Rommens, 2004; Windels et al.,
2008)and chromosomaA. tumefaciendNA may be present in one in every 250
transgenic plantgUlker et al., 2008)For gene editing, the offarget effects of the
CRSPR/Cas9 systeare weltknown (Zhang et al., 2015)Therebre, unless the
genome ofa genetically engineereadrganism is entirely sequencedhere is
uncertainty as to whethethe organisms truly free ofun-intended DNAparts such
as that of cloning vector backbon@shich may contain antibiotic resistance markers)
or anyoff-site rearrangement®r modifications Arguably, traditional mutagenic and
breeding techniques such &b/ irradiation also cause unknown aberrations in DNA.
However, these concerns should not be ignored, instead theyldhbe embraced

66



Chapter 1

positivelyas part of an increasingwareness of the importance dfi¢ governance of
science through responsible innovatioon which therés much recent conversation

(Li & al., 2015; Macnaghten, 2016)
1.7 Thesis aims and summary

The work presented in this thesis aimed to expldone proof-of-concept
production of LEPUFAs in the industrially relevant microalgatgorellasorokiniana
UTEX1230, which requires a genetic eagiing approach to add the relevant genes

to the pathway. The work is therefore divided into three parts:

1 The first results chapter (chapter Bivestigaesfactors which affect
C.sorokinianagrowth and lipid profildoy assessing different nutrient
regimes and their subsequent impact on fattgid profile, growth and
neutral lipid accumulation. One focus of this chapteto determine
an appropriate growth condition famaximising C18:3n3 (ALA) which
Is the precursor inthe omega3 LGPUFA pathway.

1 The second results chapter (chapter 4ims to investigate
transformation strategies forC sorokiniana with a focus on
optimisations of arAgrobacteriuramediatedmethod

1 The third results chapter (chapter @ms toaddress tle need for
genetic partsin algal biotechnology by identifying novel regulatory
sequences from chlorovirus genes

1 The fourth results chapter (chapter @)corporatesthese sequences
and othersinto a parts library compatible with standardised Golden
Gate abningand investigates the ability of thehlorovirus regulatory
sequencesto drive gene expressionn C. sorokiniana and C

reinhardtii
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CHAPTER 2MATERIALS AND METBOD

2.1 Bacterial and Algalrainsused in this work

2.1.1 Chlorellasorokiniana

ChlorellasorokinianaUTEX 230 had been previously obtained from the culture
collection at the University of Texas (UT&Xw.utex.org. Culturing conditions are

described later.
2.1.2 Chlamydomonas reinhardtii

Chlamydomonas reinhardtiwl5cc5155 mt+had been previously obtained

from the ChlamydomonaResource Centrénttps://www.chlamycollection.org).

2.1.3 Agrobacteriuntumefaciens

Agrobacterium tumefaciens strain used was EHA105 (Chromosomal

Background py > ¢A LJ I & YA R -DBN)) (Heod @t al.GlQIB)A . 2 pnHp ¢
2.1.3.1 Culturing conditions

A. tumefaciensvas cultured in liquid or solid (10 g/L agar) YEeMedium (7.5
Ik[ S5AFO02 . OG2un &Stad SEGNYOGEZ y 3Ik[ CfdAlt
at 28 °CCulture vessels were sterile and liquid cultures were shaken at ~150 rpm and
contained at least 4/5ths volume as headspace for aeration. Temperature was
checked regularly to ensure it did not rise above 28 °C, since this can cause loss of the
Ti plasmid.Agar plates and liquid cultures were supplemented with antibiotics at

appropriate with concentrations of 50g/mL for kanamycin.

For long term storage, 50@l of an overnight culture (with appropriate
antibiotics) was supplemented with glycerol to a finahcentration of 25% in screw

top 1.5 mL tubes and stored &0 °C.
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2.1.3.2 Preparation of competent cells

A stock of the required wiltlype A. tumefacienstrain wa streaked on YEN
B agar supplemented with appropriate antibiotics and incubated fdiQ&r & ¢ 48
hours or until single donies appear. A single colony svpicked into 10 mL YHEN
broth supplemented with appropriate antibiotics and shaken ~19 hours at 28 °C
before seeding 8 mL into 200 mL YEMNIus appropriate antibiotics and incubating
for ~20 hours.Theculture wasincubated on ice for 120 minutes before splitting
into 4 x 50 ml tubes and harvesting by centrifugation (3500 g) in a chilled (4 °C)
centrifuge and decantingupernatant. Each cell pellet waesuspended in 25 ml cold
100 mM CaGby pipetting.The harvesting waepeated and cells resuspended in 1
ml cold 20 mM Caglhefore aliquoting 100 pinto sterile 1.5mL tubes and storing at
-80 °C

2.1.3.3 Transformation using freezbaw protocol

Approximately 200 ngf the desired plasmid DNA wanixed with a vial of
chemically competenf\grobacteriuntumefaciensthawed by hand and flicked for 5
10 seconds by hantb ensure mixing. The mixture waken incubated in liquid
nitrogen for 510 minutes before incubating at room temperature fod8 mnutes.
The ellswere transferred to 1 ml YENB broth in 30 ml universal tube and recovered
for 4-16 hours in a shaker (~100 rpm) at ZBbefore plating onto YENB agar plates
supplemented with appropriate antibiotics and incubating plates atQ&8ntil sngle
colonies appear (~48 hoursonfirmation of the pesence of plasmid in single
colonies was performed using colony P@Blymerase chain reactiorgnd stocks

were made of colonigs) containing the confirmed construct
2.1.4 Escherichia cationing host

DNA manipulation and cloning was carried ouEscherichiacoli Gt N* Ay 51 ph
(genotype:F, (- y n t I O4%h am pardFUBYdedR, recAl, endAl, hsdR&7(r
Mit), SUpE44, tn 2 J&@ NJ Jpc X NBf! = <
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2.1.4.1 Culture growth and maintenance

Liquid cultures were growA y | dzi 2 Of SR [ . YSRAdzZY oOwmn
tryptone, 5 g/L Difco yeast extract, 2 g/L NaCl) at 37 °C with shaking-2005@m.
Where solid cultivation was required, doedium was supplemented with agar to
1.5%. Media was supplemented with antibiotias appropriate: kanamycin at 50
pg/ml, ampicillin at 20Qug/ml. For long term storage strains, 5@0of an overnight
culture was supplemented with glycerol to a final concentration of 25% and stored at
-80°C.

2.1.4.2 Preparation of plasmid DNA

Plasmid DNA wasupified from E. coliusing a kit (Thermo GeneJet). 5 mL
cultures supplemented with appropriate antibiotic were grown50 mL or 30 mL
sterile plastic tubes overnight and harvested by centrifugation at 40@upernatant

was discarded and manufacturer pogol was followed.
2.1.4.3 Preparation oE. colchemically competent cells

DH3 E. colifrom a glycerol stock weastreaked out on an LB plate containing
no antibiotics and left overnight at 37 °Csigle colony from this plate wagown
overnight, shaking a87 °C in liquid LB containing no antibasti From this culture,
0.5 mL wasadded to 50 mL liquid LB containing no antibiotics in a 250 mL conical
flaskor 0.125 mL culture to 12.5 mL LB in BxmL centrifuge tubes which were
grown at 37 °C, shaking, f@&r5 hr. The culture(siere then cooled on ice for 15
minutes before pelleting the cells in 2 x preoled 50 ml centrifuge tubes at 4 °C for
5 minutes at 3736 grhe sipernatantwas discarded ath10 ml cold 50 mM Caflas
added to the tubes on ice ancegtly resusgnded using a stripette pipetterhe cell
suspensionsvere left on ice for 30 minutes before spinning as previousgcribed
and removing the supernatant and adding 1.5 mL 50 mM@&a@Iresuspending as
previouslydescribed After pooling cdkinto one tube and adding 1.4 mL of sterile 50
% glycerol, 229l of cell suspension waslded to precooled 1.5 ml cryovials before

freezing and storing aB0 °C.
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2.1.4.4 Heatshock transformationf E. coli

Plasmid DNA was added to 50 or 30@hemically competeni. colicells to
no more than 10 % of the total volume of cells. The mixture was incubated on ice for
10-30 minutes. Cells were given a heat shock by placing ir°@ #&ter bath before
returning to the ice and adding 500 or 10QDLB (for cell starting volumes of 50 or
100 pl respectively). Cells were then recovered by incubating at 37 °C #6020
minutes before plating out on LB agar containing the appropriate antibiotics. A
maximum volume of 20@l was plated. If deemed necesgathe recovery culture
was concentrated by spinning at 13,000 g in a microfuge and resuspending in the

required amount of LB.
2.2 Molecular BiologfDNA analysis and manipulation)

2.2.1 DNA Sequence manipulation software

Primer design and manipulation of DNA segees in silico was done using

the Benchling online software which can be foundhéips://benchling.com

2.2.2 PCR and Colony PCR

Polymerase Chain Reaction (PCR) was used to confirm plasmid presence,
genomic integration antb amplify desiredDNAfragments for Golden Gate cloning.
A typical PCR reaction used Phusion or Q5 DNA polymerase from NEB (New England
BioLabs) and reactions vessels were set up according to manufacturer
recommendationsPrimer details can be seen in tappendix sectioi\.Ipg 316, and
annealing temperatures used were those recommended by the manufacturer

depending on the polymerase used.

For directconfirmation of plasmid within bacterial cellsplony PCR was
carried out using cells as a source of template DNA. A colony vkasipico a 200
ul PCR tube before adding p0Taqg Polymerase master mix made according to NEB
guidelines withthe desired primers(see appendix)The PCR programme was run
according to NEB guidelinexluding the additional denaturation step of 98 °C @or

min to aid cell lysidf necessary, a copy plate was done of the colony before touching
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the colony to the PCR tube. FAgrobacterium 1-2 ul of an overnight culture was

occasionallysed as the template instead of a colony.
2.2.3 Restriction Enzyme Digestio

Restriction enzymes were ordered from NEB and reactions were assembled
according to manufacturer guidelines. In general, reactions wergu5h total
@2t dzySz aaSYotSR 2y A0S Ay &a0SNARES wmop
autoclaved dH20, temate DNA at desired concentration and 1 or 2 restriction

enzymes.
2.2.4 Ligation

Ligation was carried out using T4 DNA ligase (NEB) according to manufacturer
guidelines: 2Qul reactions with required amount of vector and insert and incubation
for 10 mins at roontemperature. For some reactions the DNA was purified using
agarose gel electrophoresis and a Gel Extractions Kit (Thermo) or a PCR purification

Kit (Thermo) as required.
2.2.5 Golden Gat®NA Assembly Reactions
2.2.5.1 Level 0 Parts library

Level O parts were made BBCR from various templateseg sectior6.1.2).
Q5 of Phusion DNA polymerase was used (NEB) using manufacturer
recommendations. Annealing temperatures and primers can be found in the
appendix. The primers contained overhangs consisting of the conveBgad)
restriction enzyme sites followed by theppropriate 4 bp DNA overhang for the
appropriate part type(Patron et al., 2015)The PCR products were cloned into pJET

1.2 vector as the Level 0 plasmid which has Ampicillin as the resistance marker.
2.2.5.2 Assembly of Level O parts into expression vectors

To assemble the Level O parts into the modified pCAMBRO based.evel 1
acceptor vectopQr-J23div (described in sectiol.1.4), reactions were set up as
follows: Reactions contained: |2 CutSmart buffer (NEB),.2 ATP (10 mM), ul T4
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ligase (NEB), 0jd BsaiHF (NEB), Level O part gaids, destineon vector DNA and
dH20 to 20ul. Enzymes were added last. The amount of DNA was calculated
according to the length of the part: the destination vector concentration was set to
100 ng and the insertével 0)/acceptor (destination) plasmidtio was set to 2:1.
The ng of insert plasmid needed was then calculated according to the following
formula: ng level 0 plasmid = desired insert/vector ratio * mass of vector (g) * ratio
of insert to vector lengths and is from NEB website. Assembled ossctvere then
placed in a thermocycler (with heated lid at 185)on the following programme: 10
min 37°C, 10 min 16 °C 3 times, 10 min 37 °C, 20 min 80 °C, holdTI&“@action

was stored at20 °Cor used immediately for transformation.

For transbrmation, 25 pl of the reaction was then used to transform
chemically competentE. coli DH5alpha cells using a standard hesitock
transformation protocol on selective kanamycin (%@/ml) plates, incubated
overnight at 37°C. Plates were examined antblourless colonies were picked for
colony PCR analysis to confirm the presence of the assembled expression cassette in
the vector. If necessary plates were left at room temperature for ~6 hours to allow
RFP colour to accumulate maie ensure they were niopicked Correctly identified
clones were then grown up and plasmid DNA isolated using a minktepom

Thermo, eluting in 3@l water and storing at20°C.

Modifications to improve the efficiency of the Golden Gate reactiorilfese

partsaredescrbed in the results sectiof.1.4
2.2.6 Agarose Gel Electrophoresis

A 50 mL agarose gel a% in TAE buffer was prepared using a microwave and
allowed to cool before adition of Ethidium Bromide to a final concentration of 15

png/ml. Gels were run at 80200v for 3560 min and visualised under UV light.
2.2.7 Sequencing

DNA sequences were sent for sequencing at an external comPauyce

Bioscienceshitps://www.sourcebioscience.cojn
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2.2.8 Southern Blot
The southern blot was carried out in collaboration with Noreen Hiegle.
2.2.8.1 Blot preparation

The ®uthern blot membrane was prepared previously byeyious lab
member Noreen Hieglasing stadard molecular biology techniques summary, a
genomic prep ofC. sorokinianawas carried out and digested with Ncol or Xhol
restriction enzymes and ran on &=8 % (w/v) agarose gel with Ethidium Bromide at
15 pg/ml, then transferred to neutral nylon Hybond N (Amersham Biosciences)
membrane using standard southern blot procedures. Before blotting the gel had
been imaged with a ruler as a reference for the ladder. The blotted membrane was
stored dry at room temperatur between 2 sheets of Whatman 3mm filter paper until

hybridisation stage.
2.2.8.2 DNA probe

The sequence design of the DNA probe was carried out by previous lab
member Noreen Hiegle. The designed probe wadslS LJF NBR o0& t/w 0C LINA
AGGAGCAGGACTAAGOGAS: nver SEANBTGATCCAAGCTCAZG@om the
RbleC23 vector. 5 ng of RbleC23 template was added to 2.5 ul forward and reverse
primer (10 mM stock), 10 pl HF or GC Buffer (NEB), 1 pl dNTP mix (10 mM stock), 0.5
pl Phusion HF (NEB) and-fHo 50ul in a 200 pl ARCtube. An additional no primer
reaction was used as the negative control. Reaction was run in a thermo cycler with
the following programme: 1) 98 °C 30 s, 2) 98 °C 10s,3) 60 °C 30s,4) 72°C 155, 5)
Repeat step 2 35 times, 6) 72 °C 600A gel extaction was performed using a kit
(Thermo) according to the manufacturer instructions and final DNA concentration
measured using a NanoDrop ND 2000c spectrophotometer. Thexgrakcted DNA
fragment was Dl@abelled according to manufacturer instructionstive DIG High
Primer DNA Labelling and Detection Starter Kit 1l (Roche) including an additional

purification step using a PCR purification kit (Thermo).
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2.2.8.3 Hybridisation

Hybridisation protocol was carried out according to manufacturer protocol.
Using the formula provided for the fullength probe (532 bp), hybridisation
temperature was calculated to be 48 °C. Hybridisation was performed overnight for
~ 14 hrs in a headealed plastic bag in a rotating oven (HYBAID MINI 10) using the
recommended 25 ng/ml concémation of DIGlabelled DNA probe. Higétringency
wash was 0.1x SSC + 0.1% SDS at 68 °C as recommended for high homology and GC%
probes. Chemiluminescent detection was carried out as per manufacturer
instructions and subsequently the membrane was exposedX-RAY film (GE

Healthcare) for 2810 min.
2.3 Growth and Handling of microalgal strains

2.3.1 Growth media recipes
2.3.1.1 TAP medium

The originallrisAcetatePhosphatg TAP) medium is from the 196(@Sorman
and Levine, 1965; Sueoka, 19683etate is provided as a carbon source at 17.4 mM,
and nitrogen as ammonia at 7.48 mM. Each litre of TAP medium contains 2.42 g/L
Trizma Base, 1 mL 1 M (K)®®! 7.0 (1 M Monobasic Potassium PhospH&tePQ
titrated to pH 7.0 with Dibasic Potassium Phosphiét¢#PQ), Glacial Acetic acid to
pH 7.0 (=17.4 mMirial concentration), 25 mL ofx4Beijerinck salts (0.3 NHCI
(=7.48 mM final 1x concentration)4mM CaCGt2H20 and 166M MgSQ-7H0) and
7 mL combined trace element solutitnom Kropatet al (Kropat et al., 20115 mM
EDTAN&, 28.5 M (NH)sM070z4, 0.1 MM NaSeQ, 2.5 mM ZnS©On 2.75 mM EDTA,
6 mM MnCiin 6 mM EDTA20 mM FeGlin 22 mM EDTA and 2 mM Cui@l2 mM
EDTAStocks of trace element solution, 4x Beij. salts and 40x remaining components
are autoclavedseparatleyand stored at 4 °C before beinged to make up ax
solution which is then autoclaved. When used as a solid medivmTAP is

supplemented with agar at 2% before autoclaving.
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2.3.1.2 TP medium

TrisPhosphate (TP) medium, sometimes referred to asmkfmal medium,
is identical to TAP mediuexcept the Glacial Acetic Acid component is omitted and

the media is instead brought to pH 7.0 using HCI.
2.3.1.3 Carbon source variation

Where alternative carbon sources or concentrations to the default TAP
medium were required, TP medium was used and was suppiéed with the
required amount of glucose, xylose, glycerol or Glacial Acetic acid. pH was adjusted
as necessary with NaOH or HCIl. Exact concentrations are described in the

experimental chapters.
2.3.1.4 Nitrogen source variation

In some expriments, the nitrogensource wasvaried. In this case, thex4
Beijerinck solution is modified to contain the desired amount of ammonium as
Ammonium Chloride (N4€I), or nitrate as Sodium Nitrate (Na®JO Exact

concentrations are described in the experimental chapters.
2.3.1.5 BBM

2 & BaSal Media is another commonly used freshwater green algae growth
medium. BBM was ordered a@old modified basal freshwater nutrient solution
(modified BBM, Sigma #B52820x sterile liquid stock. BBM contains nitrate as a
nitrogen source and no carbosource. In this work, BBM is supplemented with

glucose at 2 to 10 g/L as specified in the experimental chapters.
2.3.2 Maintenance of working stocks on Agar Plates

C sorokinianastrains wee maintained by restreaking a loopful of cells on
fresh TAP agar (2%)ates every 46 weeks. All propagations were carried out in a
flow hood with either sterile plastic loops of volume or metal loop sterilised by

Bunsen burner flame.
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2.3.3 Algal growth ifiquid shake flasks

Standard growth conditions werenixotrophy in TR medium at25 °C,
constantilluminationviaag KA G S Ff dz2NBaOSyd f AIKE ad NR L
andshaking at 120 rprfinnova 44, New Brunswick Scientif8arter(seed)cultures
were 2025 mL TAP in a 50 mL flask or52bmL in a 100 mL flasRtarter cultures
were used to inoculate larger cultures of 200 mL in 500 mL flask or 100 mL in 250 mL
flask in media as specified in the experimental chaptersgeneral experimental
cultures were grown in triplicate at a minimum and flask positionsewsemi
randomised in the incubator shaker to minimise error from uneven light or

temperature distribution within the incubator.
2.3.4 Algal gowth in the AlgenPhotoboreactor

The Algem photobioreactor allows controlled growth of two flasks in parallel
(Figure1-1). 1 L flasks witmt00 mL working volumeere grown under200 >mol
photons n?s? PAR(Photosynthetically Active Radiation: wavelength 4@® nm)
unless oherwise specifiedTemperature waslso controlled aspecified The Algem
photobioreactor monitors Oat 740 nm automaticallyData was exported to and

analysed irthe softwareMicrosoft Excel 2016.

Figure2-1 The Algem Photobioreactor.
2.3.5 Sampling algal cultures

Samples were taken from flasks using sterile Stripettes of appropriate volume

and transferring to a sterile container of required volume of either universal tube 30

s



Chapter 2

mL, 7 mLand conical tubes 15 mL or 50 mL. For smaller volumes a pipette was used

and the neck of flask flamed if necessary.
2.3.6 Algal Growthmeasuremerg

Algal growth was measured as GID 750 nmin a spectrophotometer
(UNICAM UV vis). Thalture was diluteduntil it gave a reading below one aride
correct OD reading was gained ioyltiplying bythe dilution factor. For manual cell
counts a culture was diluted and applied to a haemocytometer and counted under a
light microscope. Dilution was done to 3200 cells pr side of haemocytometer for

accurate counting which corresponds to an-&Df ~0.1.
2.3.7 Preparation of cells for lortgrm storage in Liquid Nitrogen

I ONB23ISyAO0 TFNBSTAy3a O2yil AySNI 6aN
isopropanolas per manufacturer instations and prechilled. 5 mL TAP medium was
inoculated with a large loop of cells from a freshly growing algal plate stock and
incubated for 10 min shaking at 2& until no clumps appeared. 0.75 mL of the algal
culture is added to cryovials containing .mL TAP and 1% methanol (final
concentration of MeOH is 5%) and placed in the cryogenic freezing contas8€r°a&t

for 1.5 hr. Tubes are then transferred to Liquid nitrogen for long term storage.
2.3.8 Testing of putativ€: sorokinianaransformantsusingspot tests
2.3.8.1 Antibiotic stocks

The antibiotics used fo€. sorokinianawere G418 (Gico Genetecin) and
Zeocin (Aphleomycin based antibiotic, I'germt 2 NJ LY @A UNRISYy n 0 @

stocksstoredat -20 °Caccording to manufacturer recommendations.
2.3.8.2 Spottests

For testing of historical transformant3:mL TAP was inoculated with a small
loop-full of cells from a TAP (T#setatePhosphate) agar plate stock in a 7 mL
sterilin for each mutant, then incubated with light and shaking at 120 rpm, 25 °C for

~20hrs with the aim of reaching earlgg or log phasdf any cultures grevo early
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stationary after 20 hrs according to @pPmeasurements, cultures were diluted and
then regrown for ~ 5 hrs until reatng an OB of ~1. All cultures were then diluted

to an ODso 0.85 before diluting 1/5, 1/25, 1/125, 1/100 for plating on antibiotic
plates, and additional dilutions of 1/12500 and 1/125000 for TAP only plates. 10 pl
was plated out in spots on TAP agar (2%) plates prepared with 100, 350, 400 or 450
png/ml G4B; 250, 300 or 350 pug/ml Zeocin; or no antibiotic as positive control. Plates

were incubated with light at 25 °C for 8 days before imaging with a scanner.

Alternatively, for spotting for antibiotic sensitivity tests of wilghbe when
precise cell number as controlled, a 30 ml culture in a 100 ml flask was grown for
~30 hours to log phase before diluting to the cell maenrequired and plating out

10 ul spotson the agar plates supplemented with appropriate antibiotics.

Spot tests were also prepared frorells directly from an agar plate stock or
from single colonies on a plate. In this case a small loop of the cells was resuspended
in 100 pul TAP medium10 pl of this neat suspension was spotted on agar plates
containing the appropriate antibiotics or a +amtibiotic control. Spots were also
done for 1:11 and 1:110 dilutions. ~fbof the neat suspension was used to prepare

genomic DNA preparations as discussed in a different section.
2.3.9 Genomic DNA preparatiaf algal cells

One method used Chele®00 resin BioRad) for genomic DNA extraction
(Wan et al., 2011)The cell suspension (betweex 30° and 1.5 x 10cells as ifWan
et al., 2011)was spun at 10,000 g for 1 minute to pellet the cells. Supernatant was
discarded andhe pellet resuspended and vortex in 40 of 6% w/v Chele200
solution in dHO. The tube was heated for 100 °C fOrrfiinutes then cooled to 4 °C
on ice. The sample was then vortexed and spun for 10,000 g for 1 minute before
removing the superatant and transferringt to a clean tube where-5b pl was used

directly in a PCR reaction or stored-20 °C until use.

An alernativemethod was based on boiling directly in the HF PCR buffer for

Phusion DNA Polymerase (NEBY et al., 2014a)l or 2ul of a @ll suspension was
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added to 10l of 2 x HF buffer in a PCR tube and mixed before boiling for different

lengths of timg(see results) before adding 11 of mastermix described ifable2-1.

Item Volume for 1 master| Concentration in final ~2Ql
mix reaction (ul) PCR reaction

10 mM dNTP 0.4 200puM

10puM Forward primer| 1 0.5uM

10uM R primer 1 0.5uM

Phusion DNA 0.2 0.4U

polymerase

dHO 7.4 To 10ul (the remaining volume
is from thepre-boiled cells)

2x HF buffer 1 1x

Table2-1 PCR master mix faChlorellacolony PCR direct in PCR bufférom Liuet
al. (Liu et al., 2014a)

2.4 Growth ofChlorellasorokinianéor lipid experiments

2.4.1 Comparing two different media

Replicate (n=4) 200 mL cultures in a 500 mL Erlenmeyectaskinedeither
TAP (trisacetaie-phosphate) media oBold modified basafreshwater nutrient
solution (modifed BBM, Sigma #B5282) with or withautpplemenation with 10g/L
glucose. Flasks wemeoculated at a density @&f.6-1 million cells/ml from a pooled 20
mL starter culturesand incubated at 25 °C, 120 rpm (Innova 44, New Brunswick
{OASYUGATAOO I y R wpite lightrantabokdil@oieehtistriyy.
Heterotrophic flasks were covered in {ioil to deprive the culture of light,
mixotrophic culture had tinfoil ovethe cotton wool bung only. Starter cultures had
beeninoculated from an agar plate stock and incubage@5 °C120 rpmmp n > Y 2 €
photons m?s? white light conditionsfor ~20 hrs so cells were in mid log phase.
heterotrophic control culture containingo carbon source was used to confirm the
lack of light in this condition. Another negative control with no inoculum in

mixotrophic conditions was also included.

1 mL samples were taken at various tip@nts and cell density measured as
ODrsoin a spectropotometer (UNICAM to obtain a growth curve. At 12, 24, 48 and

120 hours, 14 mL samples were taken. 1 mL was used f@n @Basurement. 3 mL
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for Nile Red assay to determine TAG accumulation, and 10 mL cell pellet fer fatty
acidmethylester (FAME) extraicin to analyse chain length. Supernatant from the

10 mL sample was used to measure pH using a calibrated pH.meter
2.4.2 Comparing multiple carbon and nitrogen sources

For preparation of media components and carbon and nitrogen sources, all
chemicals were orderk from Fisher or Sigma. All solutions were autoclaved for
sterilisation, with carbon and nitrogen sources sterilised in separate bottles before

addition to other media ingredients.

All cultures were grown mixotrophically (~15@mol photons n¥s?
fluorescent white light) as 200 mL volume in 500 mL flasks inoculated »atl@®
cells/ml with a mid to late-log phase seed culture (grown in standard TAP media),
continuous shaking at 120 rpm and 26 constant temperature (New Brunswick
Scientific Innov&"4430,4340 or 44 incubator shaker). Cultures were harvested after
48 hours of growth by centrifugation at 5405 g (Sorvall® Evolution RC), removal of
supernatant, snagreezing of cell pellets in liquid nitrogen and freeze drying
(Edwards Modulyo EF4) followeg lbbnger term storage a80 °C (up to 4 weeks).
Before harvest a 10 mL sample was taken for cell count (Hawksley Improved
Neubauer BS.748 Depth 0.1 mm, 1/400 fimiewed under 4 A-Plan objective lens
using ZEISS AXIO Lab.A1l light microscope) andadssaytral Ipid amount by Nile
Redstaining. The pH of the culture supernatant was measured using pH indicator
paper (FisherScientific). A known amount of the freeze dried sample was used for
direct transesterification of lipids to fattgcidmethylesters (FAMES), which were
analysed by gas chromatography (GC) with internal standards to reveal distribution
of fatty-acid chain length. For each conditions there Wasgogicalreplicates of n=3

or n=4.
2.5 Lipid analysis @@hlorellasorokiniana

Lipid analysisvas carried out on wet or freezdried biomass. For freeze

drying, algal cells were freezi¥ied until no weight change occurred.
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2.5.1 FAMEGC

Lipid chain length profile analysis by fattgidmethylester (FAME)
transesterification and gas chromatography (G8) GC work took place at
Rothamsted Research under the kind supervision of Dr Mary Hamilton and Dr Richard

Smith.
2.5.1.1 One step preparation of FAME from liquid pellet

10 mL sample was spun down in falcon or universal tube a9000y 10 min
in a benchtop cetrifuge (model) andhe supernatant transferred to new tube apart
from a small amount (~ 1 mL). Pellet wastuspended in remaining supernatant and
transferred to 1.5 mL Eppendorf and spun down at 5@000 rpm for 25 min,
supernatant discarded and petlsnap frozen in liquid nitrogen then transferred to
storage at80°C. Alternately, supernatant was entirely removed from original tube,

shapfrozen and stored at80 without transfer to Eppendorf.

Cell pellets were transported to Rothamsted on dry i€elles were
transferred to glass methylation vétlirectly or using minimum amount of water
(max 50 pl). 0.8 mL methylation nfMethanol: Toluene: Dimethoxypropane>$0,
33:14:2:1 by volumeipllowed by 0.8 mL heptane was added to sample using glass
Pasteur pipette. Samples were baked at 80°C farhts, tubes vortexed briefly 2
s) and placed a20°C or 4°C for ~15 minutes to allow phases to separate. Heptane
layer (bottom layer) was transferred to GC vial and concentrated under nitrogen gas
and placed in 20Qul insert if necessary. Samples were analysedthe GCAgilent
J&W DR23-30M) with flameionisation detection (Programm&0 °C 1 min hold, 40
°C/min to 190 °C, 1 °C/min to 220 °C. Hold 5 min, no.split)

2.5.1.2 One step preparation of FAME frone€zedried pellet

A known amount of the freeze dried sample (equivalent t& %0’ cells;
generally between 50 mg) was weighed out in a 3 ml glass methylation vial. For the
majority of the high concentration carbon conditions, FAME analysis was not

competed due to lack of cell growth. For the remaining samples, 1 ml of methylation
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mix (Methanol: Toluene: Dimethyloxypropane: Sulphuric Acid at 33:14:3:1 by
volume) containing internal lipid standards of C15:0 and C23:0 at 12|58 wags
added to each freexdried sample, vortexed briefly, then incubated for 90 min at 85
°C in a heat block. After letting samples cool to room temperature, 1 ml of 1 % w/v
NaCl and 1 ml heptane was added to each vial and vortexed briefly before
centrifuging for 2 min at 500 geneVac EZ series). 30Ql of the top heptane phase
was transferred to a glass GC vial with insert and evaporated under nitrogen gas at
38 °C (temperature to aid evaporation). Samples weresuspended in 70100 pl
(depending on exact mg freeze driedrgale weighed out, with 10 mg corresponding

to a resuspension volume of 3Q0) heptane with 0.01% diylated hydroxytoluene
(BHT) as an antioxidant. Vials were then flushed with nitrogen gas before
immediately screwing on cap to minimise oxidation of sample, and were stored at

20°C.

Samples were analysed by gas chromatography (Agilent) using an Agilent J&W
DB23-30M columnwith a 1pl injection, split ratio of 5:1 and 7.5 ml/min flow rate.
Oven programme was 15 start, hold 2 min, 10C/min to 250°C, hold 5 min.
Detection was with flame ionisation detector (&) at 260C, 30 ml/min Hflow

and 400 ml/min air flow.

2.5.1.3 GCData analysis

Peaks on the chromatogram were assigned and integrated using Agilent
Chemstation software with a calibration table from aB&RME standard component
mix (Supelco), C16:2n6 standard (Larodan) and C16:4n3 standard (Cambridge
Bioscience). Peakata was exported and further analysis and graph generation was
completed using Microsoft Excel 2016. Peaks were either expressed & mtbs,
or normalised for exact lipid mass and cell number using the known amount of
internal C15:0 fattyacid standad and known cell number corresponding to biomass

of sample used for FAME analysis.
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2.5.2 Nile Red

Nile Red is a fluorescent dye which binds intracellular lipids and other
hydrophobic compounds, resulting in a shift in emission wavelength when bound. For
samplesof live C.sorokinianaculture supplemented with 10 % DMSO, binding of Nile
Red to lipids results in a shift of the broad emission peak from 653 nm to 586 nm
(Vonlanthen, 2013)

The following protocol was used for Nile Red staining, which is optimised for
C sorokiniana(Vonlanthen, 2013)330ul DMSO was adde@ 3 ml algal cells in a 4
ml cuvette (final concentration 10%22 ul of a 0.3 mg/ml Nile Red (Therisolution
in acetone was added to the sample (final concentration pfanl) and incubated
for 2.5 min in the dark. Fluorescence was measured in a flneter (Perkin Elmer
LS55) with scanning emission wavelength of-330 nm and excitation at 510 nm. If
the reading went above the maximum detection limit of the machine, the sample was
diluted with TAP medium by a known factor. Data was exported using\iineab
software and processed using Microsoft Excel 2016. The fluorescence reading
(arbitrary units) were normalised to cell number by dividing by number of cells in the

cuvette.
2.5.3 Total Lipids
2.5.3.1 Total Lipid extraction

Two different methods were used for lipid extraction as discussed in the
results section. Ithe concentration of samples was required, this wasried out
with a GeneVac EZ machine using 30 °C/low boiling point programme under
nitrogen gas/purge.

For the first method(Vonlanthen, 2013)50 mglyophilisedcell pelletwas
weighed into a 4 mL cryovial (Nunc/Sigma). 200 mg acid washed glass beads and a
ceramic ball were added to each tube along with 1 mL chloroform: methanol (2:1
viv). Cells were lysed by vortexing tubes for 1 min, incubating for 15 min and
vortexing foranother 30 s at room temperature. 0.3 mL MeOH and 0.3 mDdire

added and vortexed for 1 min. Phase layers were separategiyifugationat 2500
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g for 3 min. A glass Pasteur pipette was used to carefully extract (avoiding disturbance
of debris layelbetween phases) the bottom layer into a clean glass vial which was
used directly fo further analysis or stored aR0 °C (short term <1 week) e80 °C

(long term > 1 week).

The second methodAxelsson and Gentili, 2014)as as follows: 50 mg
lyophilized cell pelletvashomogenisedy grinding with a pestle and mortar liquid
nitrogen and transferred to a 30 mL lidded glass centrifuge tube (Kimble) and
subsequently adding 8 mL chloroform:methanol (2:1 v/v). Biomass was resuspended
by shaking vigorously for a few sexls until biomass evenly dispersed according to
eye beforeadding2 ml 0.73% NacCl. Tube was spun for 2 min at 350 g and lower phase
recovered using a glass Pasteur pipette into a clean glass vial with care to avoid

disturbance of the biomass debris lay®tween the phases.
2.5.3.2 TLC

TLC was performed on total lipid extractions which had been dried under
nitrogen gas. A TLC tank was prepared for 1 hour with a solvent mix of hexane :
diethyl ether : acetic acid (75:25:1). The TLC plate was activated by baldagGt
for 1 hour. Total lipid extracts were dried under nitrogen gas anrduspended in
80 ul CHGlusing a Hamilton Syringe, which was subsequently loaded onto the TLC
plate. Additionally, 2@ and 10 pl 17:0 TAG standard was loadétk pate was dried
under nitrogen gas anthcubated ina sealed solvent tank for 1 hour then dried for
10 min on blue roll in a fume hoo@he pate was visualised by spraying wiat05%
primuline in acetonavater 4:1 and observing under UV light. Spots were marked
with a pencil and scraped off using a sharp tool into a GC vial, covered withalidCl

stored at-20 °C until further analysis.

2.6 Bioinformatics analysis of the published PBEVN chlorovirus

transcriptome

Tools used include NCBI Blasitds://blast.ncbi.nlm.nih.gov/Blast.cpiand

the Sequence Read Archives (SRAps://www.ncbi.nlm.nih.gov/sra Sequence

were visualised and annotated using Benchlitigs://benchling.com/
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2.7 Nuclear tansformationof Chlorellasorokiniana

2.7.1 Transformation o€.sorokinianausingAgrobacteriumtumefaciens

The procedure detailed here was previously developed in th€Hagle, 2014)
but further optimisations and modifications are described in the results section: Wild
type C.sorokinianawasinoculated from a TAP agar plate stock inte1®® ml TAP
into a 100¢ 250 ml shakdlask and grown until early log phase (=2 hours). 20
million cells (conentrating cells if necessary) weithen plated out on TAP agar
containing Acetosyringone at 1%M and incubated for one day. At the same time
the A. tumefacienstrain EHA105 cdaining the desired binary vector waultivated
by growing from a glycerol stoadk 6 ml YENB medi@ontaining 56100 pg/ml
kanamycinin a 30 mL sterilin for 1 day, shakig00 rpmat 28°C. 20Qul of ~ORoo 1
Agrobacterium culture which has been supplemented with 1Bl acetosyringone
2 hours prior, is spread onto th@.sorokinianaplate and mixed thoroughly using a
plate spreader and left in dark in growth chamber at°@5for 2 daysC.sorokiniana
cells are then recoved by harvesting cells from plate by resuspending and
transferring to 30 mL sterilin in 25 mL TP medium supplemented with carbenicillin

(250ug/ml) and incubating overnighh the lightat 25°C with gentle shaking.

Putative transformants we then selectd either directly on solid medium or
with an additional selective liquid medium enrichment step. For direct solid selection,
~90 million cellswere plated out using soft agar overlay onto TAP agar plates
containing 30Qug/ml G418, 50Qug/ml cefotaxime andb00 pg/ml carbenicillin and
incubated in the light at 25C until single colonies appear (~9 day$)or liquid
selection enrichment: 130 million cells in maximum 1 ml volume (cells concentrated
by centrifugation at 900 g if necessary) are added to 50 AR Supplemented with
50 ug/ml G418 and 25Qg/ml carbenicillin and incubated in the light with shaking at
120 rpm, 25°C, for ~5 days or until cultures began to green. At this point, 0.5 mL
selective culture is plated using soft agar overlay on TAP ag@spupplemented
with 350450 pg/ml G418, 50Qug/ml carbenicillin and 50@ug/ml cefotaxime and

incubated in the light for 28C until single colonies appear (~9 days).
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Negative control transformations includinggrobacteriumwith no binary
plasmid, and noAgrobacterium are also included to identify likelihood of

spontaneous colonies appearing on putative transformant plates.
2.7.2 Electroporation

A 1L midate log phase cell culture (1.5 x"idlls/ml) grown mixotrophically
in TAP (25 °C, 120 rpm, ~150 umobtaims m?s?) was harvested at 4 °C, 2500 g, 5
min in sterile 50 mL falcon tubes and each pellet was washed once with 40 mL TAP +
sucrose (40 mM) by pipetting up and down 20 times and discarding supernatant.
Tubes were tapped dry on paper towels then petesuspended with approximately
250l TAP + sucrose (40mM) and pooled to a 1.5 ml Eppendorf tube; volume of TAP
added was adjusted to achieve a total of 1 mL cell suspension from the original 1 L
culture, resulting in a concentration of 1 ¥2@ells/mL. Cells were kept on ice and an
aliquot was diluted with TAP + sucrose (40 mM) to concentrations of 1°x118 18
and 1 x 10cells/mL. 300 pL cells at each concentration were added to a 0.2 cm sterile
electroporation cuvette (Nepa HID2 40400 uL) with 2 ug linear or circularized
plasmid The ratio of cell number to amount of DNA (ug) was 1.5%16 x 10and
1.5 x 16 for the different cell concentrations. Negative controls containing no DNA

were also included by substituting DNA forrdtewater.

The mixture was electroporated using the following settings: exponential
decay, 254F capacitance, 2000 V (BioRad GenePulser XQwallyesistance was not
able to be set so was left at infinityElectroporated cells were immediately
transfered to 10 mL TAP sucrose (40 mM) in 15 mL falcons at room temperature.
Recovery cultures were subsequently incubated overnight (~14 hrs) horizontally in
identical conditions to previously except covered by 4 sheets of white paper towel to
reduce light int@sity. Following incubation, cells were harvested by centrifugation at
2000 g for 5 min followed by 2500 g for 2 min, supernatant discarded and pellet
resuspended in 200 pL TAP mediasBspended cells were plated on TAP agar (2 %)
plates containing eitheG418 (Gibco Geneticin) at 100 pg/mL or no antibiotic as a
positive control. Plates were incubated 25 °C, ~150 umol photofs! gontinuous

white light. Plates were examined firstly after 4 dalse number of colonies on each
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plate was monitored on da§ and day 23 by taking pictures of plates with colonies
and estimating the amount using OpenCFU software version @@&@smann, 2013)

with settings of Regular Threshold 2 or 3 and a minimismeter of 1.
2.8 Nuclear transformation di. reinhardtiiusing glass beads

The method used was based @findle 1998)as used irf{Vonlanthen 2013)
A starter culture was used to inoculate 500 mL TARZ%4.(v/v) inoculum and grown
to mid-log phase corresponding to approximatelyx20° cells/ml. After harvesting
the algae by centrifugation at 3800 g, room temperature (Benchtop Megafuge) the
cells were resuspended in fresh TAP medium to a concentratior<df®® cells/ml.
300 pl cells were transferred into a glass test tube containif@ &g acidvashed
glass beads (Sigma) angid.Level 1 plasmid linearised witthelrestriction enzyme
which cuts once in the vector backbankest tubes were agitated using a vortex
(VortexGenie) for 15 sec set at top speed before transferring the oédlsai30 mL
sterilin tube containing 10 mL fresh TAP medium and recovering overnight in
constant light with shaking at 120 rpm. For selection the recovered cells were
harvested by centrifugation at 3800 g at room temperature for 5 minutes and cell
pelletsresuspended in 3.5 mL soft TAP agar (0.5 % befgre plating as on overlay
onto solid agar plates containing® pAk Y 2F (GKS aStSOGABS | yia
(Invitrogen).Plates were incubated in constant light at Z5until colonies appeared,

after which they were propagated by fstreaking on selective TAP agar.
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CHAPTER 3CHARACTERISATORCHLORELLA
SOROKINIANGROWTH AND LIPIIDFRE IN
DIFFERENT CONDITIONS

3.1 Introduction

Manipulation of growth conditions ia common strategy useiwd modify the
lipid content and fattyacidprofile ofmicroalgae(Hu et al., 2008)C. sorokiniandJTEX
1230has received much interebecauseof its fast growth ra¢ (doubling times of as
low as 4hours, it is able to reach stationary phase after a day and a half of cultivation
in shake flasksand ability to accumulate high levels of TA@speciallywhen an
exogenous carbon source is suppliedr example, e report found that UTEX 1230
accumulates 3.8old more lipid in heterotrophy than in phototrophy (0.53 g/L
compared to 0.14 g/L), twice as much total biomass and twice as much TAG
proportionallyacross total lipid¢Rosenberg et al., 2014nother reportusing UTEX
1230in outdoor conditions found that biomass yield was higher in mixotrophy than
in heterotrophy(Lee et al., 1996however this does not agree with the data from
Rosenberget al. who found that although mixotrophic conditions performed better
than phototrophic they still did nateach heterotrophic productivitieRosenberg et
al., 2014) ForC.sorokinianaUTEX 1602 mixotrophic conditions were also reported
to yield higher biomass and lipid conter(ls et al., 2014) Thesereports all used
glucose as the exogenous carbon souared highlightthe large variability in lipid
studies which are likely due wmall differencesin the environmental conditions or

growth media

It is consistent though thatanparatively,C.sorokinianaJTEX 1230 does not
performaswell in phototrophic conditions. 3prisingly, one study found only minor
change in lipid content when UTEX 1230 was grown on low nitrogen medium, the
only one out of fiveChlorellaspecieghey surveyed (lliman et al., 2000)The UTEX
1230 cells did exhibthree-fold reduced growth rate for when grown in low nitrogen

medium but examination of the growth curve appears to show the UTEX 1230 strain
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declining in cell amber at the end of the experiment in contrast to the other species
(llman et al., 2000)it could be that the decline of the ¢ute prevented proper lipid
accumulation. Another study comparing lipid productivity across varihisrella
species found that strains supposedly identical to UTEX 1230 were among the lowest
valuesd t njA 0.2 Z012)SFor botH these reports, the cells were cultivated under
phototrophic conditionsi(e. usingonly carbon dioxide as thsole carbon source)
which evidently is not optimal for UTEX 123upply of exogenous carbon is required

to maximise produivity from this strain.

This high productivity makes UTEX 1230 an attractive industrial strain. One
closely related specie<C. sorokinianaDOE 1412was the subject of extensive
characterisation in a US Department of Energy study who concluded thadit ha
promise for biofuel applicationd.ammers et al., 2017; Neofotisat, 2016) When
grown on anaerobic digester effluent from cattle manure digestion, UTEX 1230
accumulated starch and proteins rather than lipids (max. 35 % of dry weight) whereas
on a basal mediumBBM the percentage of lipid dry weight reached nea8ly %
(Kobayashi et al., 2013nhoculum density has also been studied for its impact upon
the productivity and fatty acid profile of microalgae, includdgorokinianawhere
larger inoculums were found to have better productivityu et al., 2012and had

changes in phospholipid species abundas and chain length@.u et al., 2013)

The high productivity, fast growth rate and robustness to high light and

temperaturemake UTEX 1230 suited to outdoor cultivatidhe production of high

value omegeB fatty acids such as EPA and DHAuch aproductive strain is an
attractive biotechnological prospect. The fatty acid chain length profileCof
sorokinianaUTEX 1230 has been previously characterised rextdrally produces

chains of up to a maximum of 18 carbdnsludingC18:3n3 (ALAKobayashi et al.,

2013; Lang et al., 2011; Petkov and Garcia, 2007; Rosenberg et al., 2014; Tang et al.,
2016b; Vonlanthen, 2013Yhis is tkb precursor fattyacid to subsequent elongation

and desaturation in the omega fatty-acid synthesis pathwayFigure 1-10).
Therefore,if LCPUFAs were to be produced in this stramnansgene expression is

necessary including genes encoding heterologous elongases and desaturases.
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total of five heterologougienes would be needed to complete the omefypathway
to include DHARigurel-10).

3.1.1 Aims and brief experimental layout

As describedbove and in the introduction seotn 1.4, there are many factors
which influencegrowth andlipid profile in microalgae, ranging from basic culturing
techniques to abiotic stressors and the spedfiowth media usedThis chapter aims
to explore somédactors affectingooth overallgrowth and lipid accumulatio(Figure
3-1), with a focus on identifying a condition suitable for preferential accumulation of
C18:3n3ALA, the precursofatty-acidto the omega3 pathway If a transgenic strain
of UTEX 123Becomesavailable containing a completed ome8apathway then

increasing the amount of this C18:3n3 substrate is desirable.

Basic culturing

conditions e Temperature

* Mixotrophy

Growth mode
* Heterotrophy

Base Media & ¢ Carbon
components e Nitrogen

\\: Factors affecting lipids and growth |

N\

Figure3-1 Factors influencing lipids and growth which are explored in this chapter

This chapter starts with examining the growth of UTEX 1230 under different
basic culturing conditions such as temperature, trophic mode and variation of the
base media (sectioB.2). After examining some lipid methodology (sect®B) the
influence of these same factors on the FAME profile of UTEX 1230 is examined
(section 3.4). The chapter finishes with a larger survey of carbon and nitrogen
sources, which can be used as stressors for lipid accumulation via deprivation or in
excess (sectioB.6). In addition to effects on cell growth and FAME profile (focusing
on C18:3n3 accumulation) this latter experiment also describes preliminary data on
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the neutral lipid class (an inditton of TAG level) because this form of lipsd
industrially desirableThe consideration of the lipid profile in the context of algae

growth is also important to gain insights into overall productivity.

3.2 Assessing thergwth of ChlorellasorokiniandJTEX 1230n different

conditions

3.2.1 Chlorellssorokinianaexhibits increased growth rates at higher temperatures

Using the Algem photobioreactor, which can incubate two separate 1 L flasks
(400500 mL working volume) in controlled conditions, a comparison of
C sorokinianamixotrophic growth at two different temperatures of 2& and 35C
was carried out in TAP medium with a light supp\2@d >mol photons n¥s! PAR
(Photosynthetically Active Radiation: wavelength 4@® nm). The two 500 ml
cultures were inoculated using 1% liquid inoculum from a seed culture. Both Algem
cultures reached the same OD for stationary phase but it took approximately 12

hours longer fothe lower temperature to reach stationary pha@égure3-2).

92



Chapter 3

E
o 1.00 -
NJ —=—25°C
D T o
o) 35°C
o
o
-
010 1 T T T T
0 24 48 72 96
Time (hr)
Tem Final manual | Final cell count
Pl ob750 (cells/ml)
25°C 5.70 99 x 10°
35°C 4.75 121 x 10°

Figure3-2 Growth of ChlorellasorokinianaUTEXL230at two temperatures in the
Algem photobioreactor.Cell density was measured automatically every hour in cultures at
25 °C (solid diamonds) or 35 °C (empty diansyrid the Algem photobioreactor using TAP
medium andlluminationofH nn >Y2f kIRARI2ya Y

The doubling times were also different with the higher temperature being
twice as fast at 3.5 hours compared to 7 hours, as calculated from the log phase
gradient on the graph. A manual @breading and a manual cell count were taken
at the end of he experiment at 96 hours. For the two temperatures, the Algem
appears to suggest they have same final ®iQure3-2), looking at the manual OD
values the 25C cultue is 1.2 times higher. However, the final cell density was 1.2
times lower at 25°C. Discrepancies between optical density and cell density
measurements can occur when physical characteristics such as cell size are different
between samples. The temperat could be causing a morphological change in the

cells that could be interesting to explore further using microscopy.

3.2.2 Chlorellasorokinianaexhibitschanges irgrowth rateand stationary phase cell

densil in different growth modes and media.

Microalgaeare versatileorganismghat can grow in a variety @nvironmens

and substrates. To explore the effect this has®bsorokinianathe growth modes of
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mixotrophy (organic carbon source and light source availalale)l heterotrophy
(organic carbon sourceub no light source)were compared. Additionally, two
different commonly usetbasegrowth media wereexamined These experiments are
split into two sections:Mixotrophy and heterotrophy were first explored in a
preliminary experiment using the controlled conditions of the Algem photobioreactor
(section3.2.2.]). Then, the exploration of growth mode is extended further in a shake
flask experiment where two different base media are used (secd@?2.2. The
growth media chosen areAP and BBM. Both are commonly usedyfowth ofgreen

algae.

3.2.2.1 Mixotrophy and Heterotrophyin TAP comparison in the Algem

photobioreactor

Mixotrophic and heterotrophc growth modes were compared in the Algem
photobioreactor in TAP medim at 27 °C by growng under 10@onstant white PAR
(mixotrophic) or ndight (heterotrophic) Figure3-3).

£

=
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g —s— TAPM

S —— TAP.h

o0

S ® pH.m
$-{0.89x10° cells/mi] A pHA
10.89x 108 cells/ml| - 65

0.10 T T T T T T T T 6

0 24 48 72 9% 120 144 168 192
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Figure 3-3 Comparison of mixotrophic and heterotrophic growth in the Algem
photobioreactor. Boxed numbers are manually measured cells/Alfinal manual Ot

reading was 1.77 for heterotrophy and 4.93 for mixotrophy.
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The mixotrophic culture grew with a slightly faisgrowth rate as seen by the
steeper gradient on the grapffrigure3-3). The mixotrophic culture also supported a
higher cell density. The mixotrophic culture readhstationary phase at 24 hours,

slightly earlier than the heterotrophic culture at about 30 hours.

The pH shoed a steady increase over time fdooth mixotrophy and
heterotrophy from pH 7 to a final pbf 8.75, with the sharpest rise occurring whilst
the cells are in the exponential phadadure3-3). This rise in pH c®nsideredurther
in the discussion. At the final timepoint a manual OD 750 was taken which.Was 1
for heterotrophy and 4.93 for mixotrophy. The OD 750 increase is oveol@. Tor
mixotrophy compared to heterotrophy, whereas for cell number mixotrophy is only
1.6 time higher than heterotrophy. This disproportionate increase irsgidmpared

to cell densitycould be due to biomass and the size of the individual cells.

3.2.2.2 Mixotrophy, heterotrophy and twalifferent base media ina shake flask

experiment

C.sorokinianagrowth was monitored by measuring @pat fixed time points
for both mixotrophy and heterotrophy. The two growth media, TAP and BBM
Glucose (BBMG), were compared, which contain different amounts of carbon and
nitrogen (Table3-1). Heterotrophic control cultures containing no carbon source (TP
and BBM media) was used to confirm the lack of growth without light in this
condition. Growth on BBMG medium is of interest since one study found increased
TAGs and noch higher growth and cell density for UTEX 1230 when grown on BBM
supplemented with glucose in heterotrophic conditioRosenberg et al., 2014)
BBM glucose supplementation amount, inoculation dgng~1¢ cells/ml) and
temperature (25°C) are matched to the conditions used in the study. The actual
inoculation density was 0.8 10° for BBMG and X 10f for TAP because of the
different growth rates of the seed cultures, which were grown for the sangth of

time before being used
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Media | C source N source
BBMG | Glucose 5% mM (10 g/L)| Nitrate 2.94 mM
BBM None added Nitrate 2.94 mM
TAP Acetate 17.4 mM Ammonium 7.48 mM
TP None added Ammonium 7.48nM

Table3-1 Carbon and Nitrogersourcesin BBMG and TAP medi&€oncentration of
/' T ND2Yy YR bAGNRISY a2 @RN)Suapleneyited .wihi gRicdse
(BBMGanNd TrisAcetatePhosphate (TAP) media.

Mixotrophic conditionsin both media supported faster growth than in
heterotrophic conditions, with both media reaching similar final OD (Faure3-4).
As calculated from the logphase of the graph, the mixotrophic TABubling timeis
~5 hours whichwas faster than the ~7 houechiewed in the Algem photobioreactor
under equivalent condions (Figure3-2). Underheterotrophyd W ®@RMS8upported
higherfinal ODspafter 120 hourghan TARdespite slower initial growthThe higher
final ODrsocouldbe due to thencreasedtarbon source available than in TAP roeal
(Table3-1). Additionally, the BBMG.h culture appado not have reached stationary
phase by the end of the experiment suggesting that this mmedtould support a
higher density of cells overall'rueheterotrophic conditions were confirmed by lack
of growth ofthe negative control culture grown without carbon sour€EP.h), but
the growth of BBM.h (BBM with no supplemental glucose) shows that there must be

someother form of carbon sourcavailable tathe algae in this sample
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TAP.m
—s— TAPh
—s— TPh
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Figure3-4 Growth of wild-type C.sorokinianain two different growth modes and
media. Cells were grown in shake flasksTiaP (solid lines and markees)d BBMG (dotted
lines and empty markershn mixotrophic (triangle& & of ¢heterotrophic (circles Y K €
conditions.Two heterotrophic conditions with no carbon source were included for negative
controls (TP and BBM, square markers) to test any residual cartbe iwo different base
media. The temperaturewas 25 °C;andillumination by awhite fluorescent light stripvas

dgmpn >Y2ft stBiahdafd¥réor bers are shown (n=4)

The pHwvas also monitoredHigure3-5 and showed thaBBMBBMGmedium
is more acidic thamP/TAP, with the former starting at pH &%ompared to 77.5 in
the latter. Growth in both media and growth modes increased pH compared to the
norn-inoculated negative control, reaching a maximum of 8.75 for TAP.m and TAP.h,
7.5 for BBMm and 6.5 for BBNi. These increases in pH are broadly aligned with the
growth curves of cells, as seen in the Algem experinféigiure3-3). However it is
interesting to note the ge in the noAnoculated control in BBM frorb.75 to 6.25
suggesting this media coulitk undergoing chemical changes, or that this change is

caused byhe small amount o€ell growthin this condition Figure3-4).
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Figure 3-5 Changes in pH in mixotrophic and heterotrophic cultures &f
sorokiniana in two different media. Mixotrophy (m), heterotrophy (h), no cells (0).
Heterotrophic controls with no additional carbon source (BBM, TP) were also included.

Standard error bars (n=4).

3.2.3 Summanpof observations for basic culturing conditions

Data was collected to explore the effeaf temperature, growth mode and

base media on the growth and FAME profile&Co$orokiniana

In TAPmedium, mixotrophy supports faster growth and higher final D
than heterotrophy. For BBMG, mixotrophy supports faster growth untit#28ours
at which point it begins to approach stationary phase, whereas the heterotrophic
condition continues to increase in @puntil the end of the experiment at 120 hours
For both BBMG and TAP, heterotroplgrowth does not appear to have reached
stationary phase Y the end of the experiment, especially for BBMG. This suggests
that heterotrophic conditions may be more productive in an industrial setting where

maximal accumulation of product is desired.

The final OB differences in the BBMG.h and BBMG.m conditiame
interesting because it suggestisere are different limiting factorsto growth. For
example, shading caused by increased biomass would not be limiting for BBMG.h but

could be for the mixotrophic growth photosynthesis is contributing to cell growth
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in this condition To properly assess which nutrisftecomes limiting, analysis of the
culture metabolitesor spent mediaby a techniquesuch aHPLC would be needed,

which could be a useful future experiment.

ThepH increases with cell growth in all media and growth conditions, but BBM
media overall has a lower pAlhe pH changes broadly follow the growth curves of
the microalgae in all conditionS.herefore, pH change could be used as a sign of
active metabolism dring microalgal growthin TAP, the rise in pH can be explained
because as acetate mssimilated by the algae, it reduces the amount of acidic
component of theTris:acetate buffesystem in the mediaFor BBMG medm the
rise in pHis probably due to niite uptake which is associated with a rise in pH in
algal culturegScherholz and Curtis, 2013; Tan and Adebusuyi, 2016)

3.3 Lipid Analysis Methad

The experiments in theubsequentsection concern thexplomtion of lipid
content and profile of cells to puhis into contextwith the above growth studies.
Lipid analysiscan be a timeconsuming part of algal analyses and a source of
unwanted variation(Cavonius et al., 2014Therefore, some tests and verifications

were carried out relating to the methods used
3.3.1 A comparison of two methods tftal lipid extraction

Adequate lipid extraction is important for analysef promising industrial
microalgal strains or characterisation of putative transformamis the process can
be time consumin@nd can be highly variable between different studies rendering
different datasetsncomparable(Cavonius et al., 2014)o research an appropriate
analysis method wo solventbased methods were compared usiBg mgof freeze
dried cell pelletsfrom two pooled 120 hour culture grown heterotrophically in
BBMG The culturediad a mean cell density of 75&.0° cells/mlandmean OBso of
6.20.

Protocol Ainvolves thause of glass beads aaderamic ball to aid mechanical

cell lysiswhile vortexingand the solvent mix was chloroform:methanol (2:1 (v/v))
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followed by phase separation using methanol and distilled water (Yaplanthen,
2013)(Table 3-2). Protocol Binvolved manual homogenisation using a pestle and
mortar in liquid nitrogen, and the solvent mix was the same except using a larger
volume, followed by phase separation using 0.73 % fe@lsson and Gentili, 2014)
(Table3-2). Total lipid (mg) was measured gravimetrically after sample evaporation

under nitrogen gasDetailed protocad are described iMaterials and Methods

section2.5.
Method | Reference | Physical Cell Solvent Mix| Phase Lipid
disruption Separation extracted
(mg)
A (Vonlanthen,| Agitation in a Chloroform:| 0.3 mL 28+13
2013) tube with a Methanol Methanol, 0.3 | (n=4)
ceramic ball and| 2:1 (v/v),1 | mL distilled
200 mg acid mL water
washed glass
beads using a
vortex
B (Axelsson Homogenisation | Chloroform:| 2 mL 0.73% | 3.1 +£0.78
and Gentili, | of cells in liquid | Methanol Sodium (n=3)
2014) nitrogen with 2:1 (v/v), 8 | Chloride (w/v)
pestle and mL
mortar

Table3-2 Comparison of two different solvenbased lipid extraction methods used
on 50 mg freezalried biomass ofChlorella sorokiniana UTEX 1230Extracted lipidis

expressed as mean average with standard deviation

Both lipd extraction methods gave similar amountstofal lipid (Table3-2)
corresponding to 5.6% and 6.2% of total biomass for methods A ams$iectively.
This wasexpectedsince the solvent mixes consisted of the same chemicals, and
confirms that the difference in physical cell disruption and phase separation steps
only have a negligible effedn order toassess if either method was biased towards
certain TAG lipid species the extracts were analysed further usingpin-layer
chromatography (TL&igure 3-6). In this preliminary examplethe resulting plate
imagehasa clearlarge TAGspot for both methodstowardsthe top of the plate
suggesting the sample is mainly TAGhoughthere are other lipids such as polar

lipids andpigmentsvisibleat the bottom (Figure3-6).
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The TAGspots were scraped off the plate for analysfscarbon number and
positions in the TAGsvhich was carried out by Guillaume Menard at Rothamsted
ResearchTheconsistency of the profile across both methods shows thath the
methodsdo not vary in extraction across chain lengthosme positionwithin the TAG
molecules (Figure 3-7). Since both methodgive the sameresult method A was

chosenbecause it is less labour intensive.

Extract Extract
1 b

Standards

O®

Figure3-6. Separation of heterotrophically growi€. sorokinianalipid extracts by
thin-layer chromatography Cells were grown in BBM + 10 g/L glucd2e°C, 120rpm, no
light, for 120 hrs. Plate was visualised with primuline stainifige samples are total lipid
extracts using method A (1) and B (2) respectiv@kGspots are circledThe standards are

two different concentration®f a representativelAGmolecule

101



Chapter 3

Total FA composition of TAG
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Figure3-7 The mol% FAME profile and positional analysis of the TAG fraction of a
heterotrophically grownC.sorokinianaculture in BBMG media for 120 hour$his analysis
was performed by Guillaume Menard at Rothamsted Research. No major differences are
seen betwea method A0 a ANB Sy ¢ 0 Hipidrextractiodsntethdd | ¢ 0

3.3.2 Presence obMSdoes not affectell fluorescence

Nile Red is a lipophilic dye that is often used to asdesseutral lipid content
of microalgaebecause in a hydrophobic environment the emission spectrum is blue
shifted from a peak at 660 to 586n (Table3-4) (Greenspan and Fowlet985) In a
protocol previously optimised fo€ sorokinianait was found to requirea carrier
solvent of DMSO to allow the dye to penetrate the tough cell (Mahlanthen, 2013)
It is important to determine any background effect of this solvent on cell fluorescence
so any Nile Rereadings can be normalised if necess&tg.effect of DMSO on cell

fluorescence was found for three cultures at different cell concentrations after using
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the recommended conditions of 10% DMSO and incubation time of 2.5 minutes
(Figure 3-8). The peakvisible at 680 nm is chlorophyll fluorescence which is
unchanged by DMSO apart from potentially being marginally reduced. This could be

due to lysis of cells since is toxic t&hlorellasorokinianaVonlanthen, 2013)

Cells only control Cells + DMSO only control
200 200
e
T 180 4 180
2
> 160 1 160
8
3 140 140 A
<
= 120 120 A
§197 100
£ 80 4 ]
- 80
g 60 60 A
g 40 - 40 4
5 °] 21 g;
w
0 —=—— | o O —————
520 540 560 580 600 620 640 660 680 700 720 740 520 540 560 580 600 620 640 660 680 700 720 740

Scanned Emission Wavelength (nm) Scanned Emission Wavelength (nm)

Figure3-8 Influence of DMSO on fluorescence profile of witgpe C.sorokiniana
DMSO at 10% concentration and incubated for 2.5 minutes does not affect the fluorescence
profile of wild-type C.sorokinianacells.Thethree lines correspond to cultures of different
cell densitiesThe culture was excited at 510 nm and fluorescence measured by scanning

emission wavelength of 53050 nm

3.4 FAME profile over time is different under mixotrophy and

heterotrophyacross two different media

In this experiment the FAMBprofile complementary to the growth
experimentgpresented in sectioB.2was meaured FAME samples were taken from
the shake flask experimen{8.2.2.2 at 12, 24, 48 and 120 hours. FAME samples were
alsotaken from the Algem growth experime(.2.2.7 at 17, 23, 42 and 47 hours.
This data therefore covers the FAME profile over time for a variety of growth
conditions including two trophic modes in tvdifferent media.The focus of this lipid
analysis wa to explore the FAME profile in particular in relation to ALA, the omega
3 pathway precursor fatbacid,asit wasdesirable to explore which conditions favour

the most of this fatty acid.
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The data is prsented inmultiple different waydor easiercomparison The
sectionsbelow comparethe same databy changes in time (sectio.4.1), then
mixotrophy and heterotropghy (section3.4.2), different base mediaséction3.4.3,

and finally considering just the fatty idoof interest, ALA (sectiddi4.4).
3.4.1 Change in FAME profile over time

The FAME profile varies greatly over time with the most pronounced changes
seen in the BBMG maudn for 16:1 which decreases over time and 18:2 which

increases over time~gure3-9).
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Figure3-9 The FAME profile o€. sorokinianaover time in two different trophic

modes and mediaStandard error bars are included (n=4).

A difference inFAME profile is also seen from analysis of the Algem cultures
when comparing the first timepoint (17 hr, log phase) to the other timepoiAtsl7
hours here isincreasedl14:0, 14:1 and 16:1 buéss18:3n3, 18:2 and 16:(Figure
3-10).
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Figure3-10 FAME profile ofChlorellasorokiniana UTEX 1230 over 2 days grown in
two different growth modes in the Algem photobioreactor in TAP mediuithe cells were
grown heterotrophically (het) or mixotrophically (mix) by controlling the light level tedve

or 100 PAR respectively.

3.4.2 Conparing nixotrophy and heterotrophy

In the Algem experiment (TAP medi) there areminimal differencesin
FAME profildbetween mixotrophy and heterotrophgpart from a smalpresence of
16:2 at 17 hours undemixotrophy, but notin heterotrophy Figure3-10). This is also
true for the TAP in theldsk experimentwhere for heterotrophy 16:2 does not
appear until 48 hourdundemixotrophy it is present from 12 hou(Bigure3-9). Both
mixotrophy and heterotrophyn both mediashow an increase in 16:2 over time but
its presence begins earlier in TAP mixotrophy than heterotrdpigure3-9). In BBM
mediummixotrophy gives higher levels of 18:3aBall timepoints whereas in TAP,

mixotrophy only gives higher levels of 18:3n3 in the first twaefpoints only.
3.4.3 Different media

The two different media give dramatically different FAME compositions
There are differences in the shorter chain faftgids whereBBMG has much more
14:1 than 14:0 and TAP has more 14:0 compared to 14There is drasticgt
increased 16:1 in BBMG than in TAP up to 24 hdarBBMGthere issignificantly
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more 18:2 than 18:3 but in TAP there is more 18:3 than IBAR always has more
18:3n3 than BBM

3.4.4 The hghest amount of 18:3ni3 found in TAP medi

ALA (C18:3n3) is the precursor to the om&gpathway and thereforaet is
desirable to have more levels of this as explained in the introdudt®rels of 18:3n3
seem to peak at 48 hours for BBM iroth mixotrophy and heterotrophy
corresponding to a mol%f 26 % or 13 % respectivelyn TAP thel8:3n3 level
increases over time for heterotrophy settling at around 40 mol% aL2® hours
hours,but decrease slightly in mixotrophy. This means that up t@4l2ours,
mixotrophic TAP cells contain more 18:3h8wever after 48 hours, heterotrophic
TAP cells darhe maximum amount is 380 % 18:3n3 in TAPhere is more C18:3n3
in TAP than in BBMG.

45 - 45
40 - BBMG.h 40 { BBMG.m
35 35 4
30 30
=25 4 ®2s
§ 20 §° 20 A
15 - 15
10 4 10
5 4 5
0 + 0
12 24 48 120 12 24 48 120
45 - 45 - TAP.m
a0 | TAPh 20 |
35 A 35 4
30 A 30
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2 20 - S 20 |
15 - 15 +
10 - 10 A
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12 24 48 120 12 24 48 120
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Figure3-11 Changes of fattyacid C18:3n3 over time in differemhedia and growth

modes.Standard error bars (n=3).
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3.5 FAMEand positioningprofile of the TAG fraction of a 120 hour

heterotrophically grown culture in BBMG

Since TA&are the preferred industrial class of lipids, it is interesting to
examinethe FAME profe of the TAG fractior(Figure 3-7). Also, stereospecific
differences in the positioning of individual fatty acids on the glycerol backbone are
interesting because they function differently in human metaboli@tarupaiah and
Sundram, 2007; Zock et al., 199)d in food applications certain positions are
preferred, for example in baby milk formula C16:0 is preferred in th2 gasition as
this matches with the profile of human breast m(i et al., 2018)Since one of the
aims is to produce -BUFAs by engineeririg sorokinianaUTEX 1230t is useful to
explore this stereespecificity. In this preliminary test, the TAG fraction from a 120
hour culture grown in BBMG heterotrophically was separately analysed. TAG
scrapings from a TLC plate of a lipid extractiof @orokinianahad been prepared
as described in the materials and methods and sec811 The TAG FAME and

positioning analysis was done Byillaume Menarat Rothamsted Research

The TAG fraction is dominated by C16:0 and C18:2 fatty acids, and C18:3 is a
smallercomponentwith comparabé levels to C18:1, C16:2 and C1@igure3-7). A
similar TAG FAME profile has been observed in previous (fRogenberg et al.,
2014) Largestereospecifiaifferences are seen in fatty acids C16:0, C16:2, C16:3 and
C18:2. With the exception of C16:0, the favoured position for the {fatig is in the
sn2 position.C18:3 occurs slightly more in the snl or guition than the s
position (Figure3-7).

3.6 Theeffectof different carbon and nitrogeregimeson FAME profile,
supernatant pHneutral lipid contentbiomassand cell densityat a

fixed timepoint

The manipulation of growth conditionsfluencesthe FAME profile and
growth as seen in the previous secti@¥. In this experiment, differences are
explored in more detail by specifically modifying the carbon and nitrogen sources in

the same base media, because some interesting effects were observed in the
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previous section which could have been attributed to thisteeded further analysis

in a more controlled experiment using a single base medium. The base medium
chosen was TAP because this gave the better growth and C18:3n3 levels in the
previous section. Due to the extent of the analysis done in this experintiems,
constraints meant only a single timepoint was feasible. Measurements were
recorded at 48 hours because out of the previous ticogirse experiments, it was

one of the timepoints which yielded the most CBh3. For the growth mode,

mixotrophy was chosebecause it gave a faster growth than heterotrophy
3.6.1 Carbon and nitrogesource description

The base mediumwvas the commonly used TAP medium which contains 20
mM Tris: 17.4 mM acetate as a buffering system. In conditions where the acetate is
replaced by alifferent carbon source, the acetate is omitted from the base media
and pH is instead adjusted with HThis does affect the bufferingapacityof the
media.Seven carbon sources (glycerol [Gly], glucose [Glc], acetate [Ac], xylose [Xy]
and a combinatiorof glucose with each of the other thresugars [GlyGlc, AcGlc,
XyGlc]) and two nitrogen sources (ammonium jN&hd nitrate [NQ]) were tested
at two concentrations.These carbon sources were chosen because xylose and
glycerol are common waste produatéthe paper and biofuel industriggaranjape
et al., 2016)Acetate and glucose are standa@bonsources and irdresting effects
have been observed with glucose before in termaofeasingTAGRosenberg et al.,

2014)

For the carbon sources, the two concentrations tested are designated
Wy 2 NI Q orthé Rurp@désioBitKiexpErimenthe concentrations of each
sugar were adjusted to account for differences in the number of carbon atbaidd
3300 ¢KS f26SNI 2N Wy2NX¥IFfQ O2yOSYiGNXaGAz2zy A& ¢
the normal concentration iMAR The higher concentratiowas choserto test the
behaviour of the celln a greatexcessf carbon and was set to the equivalent of
glucoseat 500 mM(~90 g/Lor 9% (w/v). This glucose concentration is nitimesin

excesompared to the carbon source used in BBMG in the previous section. When
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For the nitrogen concentrations, 7.48 mM was used astiaeteCcondition

since this is the concentrath of ammonium in standard TAFPhe YwOnitrogen

concentrationis 0.748mM, a tenfold reduction whichs representative of nitrogen

starvation regimes commonly usedOrdog et al., 2016)The results from this

experiment are divided in the following sections into observations on culture growth,

culture pH, biomass and FAME profile.

Category | Condition Carbon source Carbon Nitrogen | Nitrogen

name conc.(mM) | source |conc. (mM)
oHigre C Ac Acetate 1500 Ammoni | 7.48

Gly Glycerol 1000 a (NHC)

Xy Xylose 600

AcGlc Acetate + Glucosq 1500 +500

GlyGlc Glycerol + Glucos| 1000+500

XyGlc Xylose + Glucose| 600 +500

Glc Glucose 500
oNormalkk C | Ac Acetate 17.4

Gly Glycerol 11.6

Xy Xylose 6.96

AcGlc Acetate + Glucosq 17.4 +5.8

GlyGlc Glycerol + Glucos| 11.6 +5.8

XyGlc Xylose + Glucose| 6.96 +5.8

Glc Glucose 5.8
oNormale C, | GI{NH/10) Glucose 5.8 0.748
LowN
oNormak C, | GIANG;) Glucose 5.8 Nitrate |7.48
alt. N (NaNQ)
oNormale C, | GIdNGy/10) Glucose 5.8 0.748
Low alt. N

Table 3-3 Selected carbon and nitrogen sources used in growth and lipid profile

experiment onC sorokinianaUTEX 1230Concentrations of carbon sources were adjusted

to account for the different number of carbon atoms in each compcemthat that the were

Sljda g t Sy i
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/I Q O 2 yPrBoketidti@syfor the different conditions used throughout the text and figures

are shown.
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3.6.2 The ability to support cell growth varies greatly between carbon sources and

concentrations

The final cell density wameasured by haemocytometer at the harvest point
of 48 hoursand is shown inFigure 3-12, but it was beyond the scope of this
experiment to monitor the growth curves of the cultures across the different
conditions Thegrowth of the culturessdiscussed below grouped into observations

for high carbon conditions, low carbon conditions, and the nitrogen conditions.

3621 ! 0 0KS WKAIKQ O2yOSYy (NI A2y asuppatt dzO24aS A a

cell growth

None of thecultures in the high sugar concentrati@ctively grew from the
initial 1 million cells/minoculation density apart frorthe culture supplemented with
glucosed W1 A IwhictDros® @ 43.5 10° cells/ml (Figure3-12), just over half as
muchgrowthagor3f dzO2a$S G GKS YeelshMMightgigrer@ Py ® 9K G NI G A 2
D &eaisustainedslightly above the inoculation densignd cells inxyloseo W1 A 3 K
- @ Wabe sustainedat the inoculation density. All other high carbon conditions

displayed reduce density, probably from cell lyqiBigure3-12).

36221 0 Wy2NXI f G nmo2 vatbéhyregimbsiiaie 2lyfe to suppodl

growth butthe level of growth varies depending on the carbon source

F'd GKS y2NXIf OFNb2y O2y Q&nfaf!NdmfA@gw@m = | OS
supportedthe highest cell density at 22010° cells/ml. This wafollowed by normal
O2y OSy (NI GNozmal! O8I I @S (K8 a2t %100del8mR2 y & 2 dzNDOS
(Figure3-12). Normal AcGlc was 1.8 times higher than acetate on its die.other
normal concentration carbon sources were an order of magnitude lower &114
1008t f ak Yt | LMONIAIXYROIR ¥KEBOK2RSEROW2 (G &dzZLILI2 NI |
(Figure 3-12). Although the cef do not increasein number from the initial
inoculation density for normal xylose conceation, in the presence afylose plus
glucosethe cells do grond Wb 2 NX I f - &@Df OQud Ly FIFOG=E (GKS
marginally higher cell density thamhen glucose is the sot@arbonsourced Wb 2 NI £ Q
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Glo)Wb 2NXI £ Q O2y OSy i NI iewtBeyleash théughShisEnéreagey A (0 &

when combined with glucose.

3.6.2.3 Lower cell densitys observed in thenitrate starved cultures but not

ammonium starved cultures

For the nitrogen sources, which all had normal glucose concentration
ONBrmalDf O QU Iy Garbah KoBrcepletey A (i NI 409 & WAMI2 NIISR Y 1
more growth tharrepletel YY 2 y A da¥10 6 Wh | ®1tPcdlls/riRrespactively.
| 26 SOSNE 0 (KSMKMRBO FexkNdNEDIS yO2§ OBl G NI A 2
slightly better on ammonium compared to nitrate at 24 and 22.0° cells/ml
respectively ffigure3-12). Interestingly, when ammonias ithe nitrogen source, the
final cell density is the same whethehis ammonium isreplete or at 1/10
concentration, loth of which are lower tharglucose withreplete nitrate as the

nitrogen sourcgFigure3-12).
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Figure3-12 Celldensity and culture supernatant pH of.sorokinianaUTEX1230
grown in different carbon and nitrogen conditionsBars: cells/ml. Round markers: pH.
Standard error bars (n=3¢arbon sources Acetate (Ac), Glycerol (Gly), Xylose (Xy), Glucose
(Glc) and their combinations (AcGlc, GlyGlc, XyGlc) at concentrations equivalent by weighting
to the number of carbons in the gar to 500 mM Glucose (High) or 17.4 mM Acetate
(Normal). Nitrogen sourceare Ammonia (Nk) or Nitrate (N@ at 7.48 mM (Replete) or
stressed by reduction t6.748 mM (1/10.

3.6.2.4 Rgmentationof culture varies depending on carbon source, evénafcell

densit is a similar value

The differences in ceallensitiescanalsobe seerfrom the opacity and in some
cases, coloumf the cultures Figure3-13). Though care must be taken with colour
because changes in pigmentation can occur in actively growing cultures, especially
when grown in heterotrophic condition®kosenberg et al., 20143 ultures whiclare
clear and are not opaque ave ones whicthad low or reduced cell densitieir
examplehigh Ac, Gly, Xy, AcGlc, GlcGlc, XyGlc and nornfagXye3-13). However,
the increased pale green colourhigh Glyand slightly more opacityompared to the
other nongrowing high carbon conditions could be indicative of intact cells rather
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than lysed cd$, suggesting these cells armble The viability of these cells would
have to be tested by trying to recover them into different growth conditions to

validate this.

Thick, dark green cultures are clearly visible for the cultures with higher cell
densites including high Glc and normal Glc (replete nitrogen only), Ac, GlyGlc, AcGlc
and XyGI¢Figure3-13). Interestinglythere is not much differencm final cell desity
between hgh concentration glucose and the low concentration glyceFogyre
3-12), yet their colours are very different, with glycerol appearing paler green

indicative of some bleachingigure3-13).

Bleaching in actively growing cells is also seen when comparing replete vs
1/10 deprived nitrogen for both ammonia and nitraté&igure 3-13), which is
particularly striking considering for ammonia the cell density is the same for both the
replete and 1/10 culturesHigure3-12), so the colour difference is nohartefact of
cell densitybut of chlorophyll lossComparison of normal Gly and high Glc (replete
ammonia) cultures also shows a marked colour change despite similar cell densities,
with normal Gly appearing much paler, having a similar colour to the igr

nitrogen cultures.
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High Carbon, Replete Ammonia
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Gly Glc Ac Xy GlyGlc AcGlc XyGlc
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Replete Replete 1/10 1/10
Ammonia Nitrate Ammonia Nitrate

! Y : i

Figure 3-13 Colours of C. sorokiniana cultures grown in different carbon and
nitrogen conditions for 48 hoursCultures were grown in theame mixotrophiéncubation

conditions.

3.6.3 Culture pH is dramatically reduced in cultures containing glucose and higher in

those with acetate

For those culturesthatdigf2 & INB g ol ff (GKS exeepth IKQ
glc, and normal concentration xylogége pH remained at 6.0 Figure3-12). A pH
of 7 was also observed for normal glycerol, and the three normal glucose conditions
with modified nitrogen regiméGIcNQ, GIcN@1/10, GIcNHL/10).

In conditins containing glucosat normal carbon concentratiowith replete
ammonia, the pH dropmarkedly from neutralo pH 3.5 (GlyGlc), 4, (Glc) or 5 (XyGlc)
apart from when acetate is also presefhe opposite occurs when acetate is one of
the carbon sourceghere is a substantial rise in pH for cultures containing acetate

both on its own (Ac) and in the presence of glucose (AcGlc) from(ote pH 83.5.

The drop in pH when there is no acetageonly seen in replete ammonia
conditions. When glucose is the carbon source andnitl®@gensource is nitrate, or
1/10 ammonia, then the pH remains 6750. In the case of 1/10 ammonia compared

to replete ammonia directlythe same cell densitghowsthat the pH change is
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independent of culture density and is related to tlkemposition of the growth
medium as discussed latefhe impact of these pH changes could be having on the

culture growth and subsequent lipid profile is discussed later.

3.6.4 The uncouping of the correlation between freezgied biomass and cell

density highlights differences in cell sizes depending on the growth regime

Freezedried biomass of the harvested culture was measufeigure 3-14).
Measurements of some samples were disregarded dwectanfounding contribution

of the high amounts of sugar in those samples relative to the final cell density.

The different carbon regimes resulted differert culture biomassat the
harvest point of 48 hoursMormakkoncentrationacetate+glucosed Wb 2 NI £ | ODf
producesthe most biomassit over 200 mgwhich is to be expected considering this
condition had the most cells per mEigure 3-12). Most of the other cultures
produced between 100 and 150 mg biomagkigure 3-14). Culturescontaining
3f e OSNREt OWDf &l very ghiall téiad bi@asS atculderd2® mg
consistent with their low cell numbergigure3-12). These differences are expected
due to the differences in final cell densifyigure3-12). However the magnituce of
the differences cannot be fully explained by differences in cell density alone. For
SEI YLX S5 (KS | O0Si lAGGBQhas afhdstz0 gnieSmo@eigmR A (A 2 y
than the glucosed W Ddul@®@ (Figure3-12) yet not even twiceof the biomass
(Figure3-14). As another example, acetate has 10 times more tiedis Nitrate 1/10
glc Figure3-12) but only 1.5 times more biomasg&igure 3-14). Therefore, this
suggests the cells are different siz&uchdifferences in cell sizes were noticeable

under the microscope during cell counting (data not shown).
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Figure3-14 Total freezedried biomassand freeze-dried individual cell massof C.
sorokinianaafter 48 hours growth on different carbon and nitrogen conditionStandard
error bars (n=3)Individual ell masscalculated from total culture volum@90 ml)and cells

per ml at harvest.

Asseen, the differences between the individual cell weights are not always
reflected in the biomass. Looking at the individual cell mass helps to exipisinTo
calculate theindividual freezedried cell mass (pg}he total culture freezedried
biomass ifng)was dividedoy the total number of cells in the culture volume (190 ml)
using the final cell density (cells/mKigure3-14). This highlights major differences
between the different growth conditions and their effect on cell siktke acetate
2yfteée oWl OQ0 YR (GKS OSGFdGS b 3t dz024aS O2yRAL
under 5 pg eachFigure3-14), whereas the glucoseé yf &8 O2y RAGA2Y 6 WDf OQU
pg each whicla 6fold increase Therefore, this approximately accounts for the 10
GAYSa Y2NB OSffakyt 2F wWI ODf OQ O2tnJ NBR (2 W
10-fold more cells, but the cellhemselvesare 86%smaller so the total biomass of

the cultures appears more similar at only fdd increase.
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Another example is that GIcNO10 has lower final cell density than replete
GIcNOS3 by three times$-igure3-12), yet itstotal culture biomass is only marginally
lower by a fifth Figure3-14). The difference in mass is seen in thassof the
individual cellghemselves, with the 1/10 nitrate cells being twice as heavy as the
replete nitrate Figure 3-14) which could be attributed to TA&ccumulation as
discussed later. This difference in cell weight in replete versus 1/10 nitrogen is not

seen as much wheammonia is used as the nitrogen souéggure3-14).

3.6.5 The FAME profiles highly variable depending on growth regime and reveals
insights into productivity of the different fatty acid species in response to

different carbon and nitrogen source

The cell densities, biomass and pH of the cultures waseegbin the previous
sections. Tis section onwards describes the lipids of the cultures. Thesanalysed
by FAME (this section) for the total fathcid profile and Nile Red assawn the next
sectionfor esimation of neutral lipid whicltan be a approximate indication of TAG

levels

The total FAME profilevas measured from a sample of the culture taken at
harvest(48 hours) Data was collected for cultures which grew or remained at the
inoOdzf F GA2Y RSyaaideéey Wl AIXQ VAR diOf2tx8boio P f W2 |
conditions (Ac, AcGlc, Gly, GlyGlc, Xy, XyGlc, GJcNBENH1/10, GIcNG,

GIcNQ@1/10) (Figure3-15). Owingto the inclusion 6 internal loading controls, the
datawas able to be expressed in a variety of ways. This was as fatty acid distribution
per mol% of the cellRigure3-15A), fatty acid mass per cell (pg/celBigure3-15B)

and fatty acid mass per culturd=igure 3-15C). The data for C18:3n3 was also
separated for clarity as the focus of this analysis is to identify a condition which gives
most C18:3n3 since this is the omegjpathwayprecursor. Depending on which way

the data is expressed gives different conclusidfiigre3-17) as discussed below.
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Figure 3-15 Total FAME analysis of witype C sorokiniana UTEX 1230Data
expressed as mol% ratio (A), normalised to mass of lipid per cell (B) and total amount of lipid
per culture (C). Data transformations of (B) and (C) usedemali C15:0 fatty acid standard.
Fatty acids with very low amounts (e.g. under 2 mol% or equivalent) were excluded from the

graph. SEM error bars (n=3) are shown.
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Figure 3-16 Total FAME across relevant \cdengths of C. sorokinianagrown in

different carbon and nitrogen source®ata is normalised to cell number or culture volume.
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Examination of the fatty acid profile using mol% reveals differences in fatty
acid ratios between nutrient conditiongigure3-15A). In general, the profiles are
R2YAYIFGSR 0@ wmMcYnX MyYH |y R(NHawkYMZO QO dedy Ry A { N.
WD eokbvhn 0 Q0 OF dzaSa + aA3IYATFAOFYyd RNMBLI AYy GKS
13%, and 16:3 from ~12% to 6%, but an increase in 18:1n7 from ~4 4 68dand
a small increase in 16:@F-iure 3-15A). The nitrogen stressed cells also contain
relatively more 18:2 than other conditions, reaching a maximum of ~30%. A notable
LISNIidzZNB F GA2Y A& GKI G NBLOWSTS a2A KNJAG i KAZY Ry YA
GKSNBI A NBLX SGSNHO YY2 RR&EE §PDPOOC KS RA &G NRO d:
ammonium ajppears to contain more unsaturated fatty acids of 18:0 and 16:0 than

replete nitrate instead of increased 18:Rigure3-15A).

If the lipid mass per cell (pg/cell) egensidered Figure3-15B) then for each
individual media condition the ratio between the fatty acids is consistent with the
mol% data, but it allows for interesting filirences in lipid content to be seen
0SG6SSYy (KS INRBGgGK O2yRAGAZ2Y & GHIgKNRSS (ilKy R0O2 Y RA
YAGNRISY allmMPBhidy |l RDIFOOOOKh IS RNI AGA O f £ ¢
per cell than the other growth conditior{(Eigure3-16). This is particularly clear in the
fatty acid species which dominate the profile during these growth conditions, notably
/I MmcYnI mMcYoX MyYH | Y-RigmyYbf{ FRiiki d&kK St dzO2a S
quite substantial) and 16:0, 18:1 and 18:2 for nitrogen starltestbpears cefigrown
in lower nitrogen sources preferentially synthesize C16:0 and C18:2 Apsdswhen
observed underr YA ONR A O2LISsE GKS OSft {-HighDDONP@WSNB2Y KA =
notably larger than in other growth conditions (data not shown). Growth conditions
with notably low amounts of lipid per cell include carbon source of acetate,

acetate+glucose, glycerol and xyloség(re3-15BW! OQ> W! ODf OQx wWDfeQ |y

Looking at the data in terms of ng lipid per ml culture allows the productivity
and growth rate of the culture to beonsideredbecause the fatty acid profile is
normalised to the harvest cell number of the whole culture after the 48 hours
cultivation time Figure 3-150). For example, despite both the nitrogen starved
cultures haung similar mass of 18:2, 18:1 and 16:3 and 16:0 perfgli(e3-15B),
the whole culture lipid yield for these fatty acids is lowertle starved nitrate

120



Chapter 3

condition (GIANG;1/10) than thestarved ammonia condition (Q¢41/10) Figure

3-150). This is related to the differences in final cell densities and final biomass from

these conditions: the final cell density for starved nitrate was lower than starved
ammonium Figure3-12) and although total biomass was similar, the nitrate starved

had a larger individual cell massathammonium starvedHigure3-14). For certain

fatty acid speciesuch asl6:0 and 18:0, the lipid productivity of the nitrogen starved

cultures impressively rivals that of the bé@sth 2 Y 8 & LINR RdzOAy 3 Odz (0 d

02y 08y {FiglrdBASE)Y Q

3.6.5.1 Closer amination of the C18:3n3 FAME profile compared across the

different cultures

The data for the LGPUFA omeg& precursor C18:3n3 (ALA) ilated for
clarity in Figure 3-17 sincit is the level of this fatty acid which is desired to be
maximisedfor strain engineering If the ratio of fatty acids is considered via mol%
then acetatel G Wy 2 NXY I £ Q Q2 ytEehighedtprapdridry of ©183nd
Fd oc Y23 F2t{t26SR o0& | OBiguted1SA Mgurd f dzO2 &
3-170 ® [221AY3 G fALAR L3k OSHIGZO IKIHdZO2@EES
largest amount of C18:3n3ep cell at 0.37 pg/cell (though the error bar is quite
substantial), twice as much as the next bestnditions of low nitrogen

O WD DM U Q (N R M B D Q19 pdi/celrEigues-158, Figure3-17).

Despite the overall large amount adtal lipid per cell forHigh-Glcand low
nitrogen Eigure3-16), it can be seen that AcGdnd Ac have the highest amount of
C18:3n3 per culture at ~2ig/ml and ~6.5ug/ml, respectively Figure3-17). This is
compared to'\BlcK A zhidChe low nitrogen conditions yielding between 2%
pug/ml (Figure3-150). It seems the higher cell density for AcGlc compared to Ac and
other conditions $ enough to counteract the effect of a higher mol% C18:3n3 in Ac
(Figure3-15A, Figure3-17), and the higher lipid mass per cell of the-Bighand low
nitrogen conditions Figure 3-15B, Figure 3-17). Though, the two low nitrogen
conditions actually show high amounts of C18:3n3 considering the reduced mol%
level but they preferentially accumulate other fatty acids 16:0, 18:1 and 18:2 instead

(Figure3-15).
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Figure 3-17 Changes in amount of C18:3 (ALA) from the FAME profile of
C.sorokiniana UTEX1230 grown indifferent carbon and nitrogen regimesThe data is

expressed as mol §8), pg/cell(B)or ng/ml(C)culture volume
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3.6.6 Neutral lipid appears to accumulate to high levels in many growth regimes and

appears to be dependent on multiple different factors

In addtion to exploring the total fattyacid composition of the cells, it is of
interest to explore the effect these growth conditions have on the amount of TAG in
the cells because this is the desired form of lipids for industife Red is &pophilic
fluorescent dye which binds intracellulareutral lipids and other hydrophobic
compounds, resulting in a shift in emission wavelength when bd@rdenspan and
Fowler, 1985)It can thereforebe used as an approximate indioabf the amount of
TAG in algal cellsince this is a neutral lipidhe raw Nile Red data is a complex
emission spectrum anthese are discussed firgh section3.6.6.1 Subsequently,
using the extracted data for neutral lipid, patterns and correlatiovith growth

conditionsare discussed in sectid6.6.2
3.6.6.1 Examinatiorof the raw curves

For samples of liv€ sorokinianaculture supplemented with 10 % DMSO,
binding of Nile Red to lipids results in a shift of the broad emission peak from 653 nm
to 586 nm(Vonlanthen, 2013) In this study Nile red fluorescence was measured
using excitation at 510 nmith scanning emission at 5540 nm. The resulting
profile is a curve consisting of multiple peaWsich can be seen in the representative
samples shown irfrigure 3-18 and are summarised iffable 3-4. The raw curves
(Figure3-18 top row) were normalisedo cell number to give the fluorescence per
cell Figure3-18 bottom row), and thefluorescerce at 586 nm waxtractedas the
relative level of neutral lipid within the cell for comparison across the growth regimes

(Figure3-19).
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Figure3-18 Example of emission spectra fd&. sorokinianacultures stained with

Nile Red lipophilic probeRepresentative curves are shown for two of the growth conditions

and the uninoculated TAP+DMSO control. The excitation wagtlewas 510 nm. The

multiple peaks are explained within the text. The emission wavelength of 586 nm whgch

usedas the representative wavelength for neutral liggdhighlighted on the scale. The raw

curves (top row) were normalised to the number ofiedéh the cuvette (bottom row) for the

final data.

Peak Description

685 nm Chlorophyll autofluorescence

660 nm Nile red in plain TAP media with DMSO

580650 Blueshifted Nile Red peak: smaller wavelengths correspond to
increasingly hydrophobienvironments (i.e. neutral lipid compared to
polar lipid)

586 nm The wavelength chosen to represent neutral lipid, in accordance with
previous workVonlanthen, 2013)

Table 3-4 Description of the peaks occurring in the emission spectrum ©f

sorokinianacells stained with Nile Red lipophilic dy€orresponding representative curves

can be seen ifigure3-18.
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In the fluorescencespectrum of cells stained with Nile Red and excited at 510

nm, there are multiple peaks buine peak is a wellefined,quite broad peak at 685
nm whichcorresponds tahlorophyll autefluorescencgFigure3-18). This peak was
can also be seen itells + DMSO controls section3.3 Figure3-8. The other peaks
are all related to Nile Red fluorescen#e.660 nm there isavery broad peakvhich

is unbound Nile Reth TAP mediunplus DMSOHigure3-18). When cells are present
in the sample, this Nile Red curve shifts to smaller wavelen@ighblueshifted)
because of the presence of lipids and other hydrophobic compounds. Fowbéils
do not contain much neutral lipid, thishift seems to typically manifest as a very
broad peak at ~630 to 645 nrRigure3-18). Theneutral lipid peaksbroadand occurs
around 585590nm, butrather than a defined peak it often gpars as a shoulder to

the neighbouringpeak(Figure3-18).

In order to analyse the data, th&gnal from the cuvette was normalised to
signal per cell by dividing by the known number of cells in the cuvette. This helps to
mitigate the effect of any background ndround Nile Red on the signal. The
normalised fluorescence signal at the neutral lipghk of 586 nm is shown Figure
3-19. Although this Nile Red analysis was performed for all growth regimes, it is clear
that the data is not meaningful for those reples which did not growasthe only
peak is theun-bound Nile IRd. Therefore these data were excluded frone final

analysis

3.6.6.2 Comparison of the neutral lipid signal per cell between growth regimes
highlights associations between neutral lipid accumulation and low pH, high

sugar or nitrogen deprivation

The data from 586 nm for the nowexcluded conditions, which should
correspond to neutral lipid (and hends an approximateindication of TAG), was

isolated for comparison iRigure3-19.
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Figure3-19 Nile Red fluorescence at 586 nof C.sorokinianagrown in different
carbon and nitrogen regimesStandard error bars (n=3Jhe signal was normalised to the

number of cells in the cuvette so is indicative of the mallipid content per cell.

Growth regimes which gave the two highest levels of nettrdl LJA R NB Wl A K¢

Df OX YR Wb2NXI f Q D§1Q0) dheinét higkest amoyiis ©fNJ G S

Neutral lipid occur in GlyGlc, XyGlc, Gleldhd GIcNEL/10. Those with the least
neutral lipid are Ac and AcGlc followed by Gly then Giaflete.

High kvels of neutral lipid are expected in the two 1/10 nitrogen conditions
because stressing cells in this way is a commonly used method to induce TAG in
microalgae. More surprising is the relatively high amount of neutral lipid in many of
the other nonnitrogen stressed growth regimes, namely GlyGlc, XyGlc and £IcNH
replete, which have neutral lipid levels comparable to GleN#D (Figure3-19). This
suggests there mudbe some other factor causing stress to the cells and hence
inducing neutral lipid accumulation. One notable correlation is that these cultures
have a low pH of 3.5 to 5.0 compared to the others which are maintaineckat
neutral, or above (max. pH 8.8Figure3-12). It seems that this low pH is a possible

stressor to the algal cells causing a similar neutral lipid phenotype as seen in cells
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under nitrogen stress.This is particularly exemplified by highlighting the
accumulation of Nile Red signal in both the ammonium replete (GlcMHd
ammonium deprived (GIcN#/10) cultures tounexpectedlysimilar levels, whereas
for replete or starved nitrate (GlcNOr GIcN@1/10) only the nitrate starved culture
accumulatesNile red signahs would be expectedrherefore, the difference in lipid
accumulation between the replete nitrate and replete amman culture couldoe
related to the lower culture pH value of ~ pH 4 forraomium compared to pH 7 for
nitrate. This suggests low pH could lable to induce neutral lipid to levels

comparable to that of nitrogen depletion.

I FAYLE O2yRAGAZ2Y gAGK AYONBI &SR ySdz
condition Figure3-19). In this case, there is no correlating pH change as with the
other examples; instead the pH of this culture was at pHEguU(e3-12). This culture
was not under nitrogen stress either. Therefore, the stress of the osmotic pressure
from the high sugar concentration (500 mM or 9% w/v) may be the cause of neutral
lipid accumulationDue to the inability of other high carbon conditions to sustain
growth, the data in this experiment does not include another example of this. A
worthwhile future experiment would be to test different concentrations of other
carbon sources or a combinatiaf them to increase the osmotic pressure, to an
extent which does not kill the cells. It is also important to consider that sincBlilbe
Red data is expressed per cell, theall size can affect the reading because larger

cells with have more physicgdace to accumulate neutral lipids.
3.7 Discussion

This chapter is concerned with investigating factors affecting growth and lipid
accumulation irC sorokinianaThe mainaimwasdetermining an appropriate growth
condition which preferentially accumulates the omegaprecursor fattyacid
C18:3n3.After examining the effect ofemperature on C sorokinianagrowth, a
multitude of growth conditions weralsoexamined by FAME profilacludingtime-
course trophic mode, base media and finally a screen of several nitrogen and carbon
sources at two different concentrations. In the latter experiment, a preliminary assay

of neutral lipid content via Nile Reffuorescencewas carried out beause this

127



Chapter 3

information is industrially relevant due to neutral lipids being preferred forastton

and processing in sonapplications.

The results of the experimestighlight the complexity of the cellular lipid
response to different environmental fears andthe importance of considering
culture productivity alongside the lipid profil€18:3n3 is preferentially accumulated
to levels 0f33 mol% or 1Qug/ml culture when acetate and glucose are provided as
carbon sourcesAnalysis of the Nile Red datentifiedacidicpH stress aapromising
avenue for further research intmeutral lipid accumulationmicroalgae. This is
applicable to all industry fields interested in maximising lipid production, from

biofuels to the production of specific higlalue onega3 oils.
3.7.1 Chlorellasorokinianagrowth and cell mass in multiple growth regimes

In agreement with literature reportgLi et al., 2013; Sorokin, 1959; Sorokin
and Krauss, 1959)C. sorokinianaexhibits shorter doubling times at increased
temperatures. In this experiment, the doubling times were ~3.5 hrs at 35 °C and ~7
hrs at 25 °CHigure3-2). The temperture of 25 °C was chosen as it is representative
of the standard temperature conditions used in our lab, and 35 °C represents the
thermophilic condition. However, 35 °C is not the upper temperature limit of growth,
with studies reporting growth up to 42 Ci et al., 2013; Sorokin, 1959; Sorokin and
Krauss, 1959) The ability ofC.sorokinianato reach stationary phase in under 24
hours, at least in these growth conditions which may not be opt{fiealexampleno
CQ gassing of the cultures was carried qus)advantageous for industry where high
growth rates are valued, especially in continuous culture. One drawback of this
experiment though is that because it used the Algemotobioreactorcaution must
be talen when labelling the growth phases because the automated OD reader of the
Algembecomessaturated quickly and in order to compare these growth curves to

thoseobtained by other means they must be calibrated.
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3.7.1.1 C.sorokinianais able to grow at high growttates under mixotrophy and

heterotrophy

When comparing mixotrophy and heterotrophy, mixotrophy supported
higher growth but this could be because the heterotrophic cultures ran out of carbon.
This would have to be confirmed by running additional experimemghe spent
media to characterise its components, for example by HPLC. As seen in one study
(Rosenberg et al., 2014)eterotrophy can support high cell densities overall which
would be beneficialdr the production of bioproducts, especially if this could be

maintained in continuous mode of operation.
3.7.1.2 Carbon and itrogen regimsimpact culture growth

The inability of any ofhe high carbon conditions to support cell growth,
except high glucoseuggests that these are toxic to the cediisthis concentration
and that glucose is the only carbon source out of these which is suitable for
supplementing cell cultures at high concentration. A further experiment could be
carried out to identify maximum concentration for each of the carbon sources, since
some of themare beneficial feedstocks since they are waste carbon sources: for
example, glycerol which is a-pyoduct of biodiesel productiofYang et al., 2012)
Examination of growth in true heterotrophic conditions (i.e. growth in complete
darkness) rather than mixotrophy (carbon source and some light) would also be a
valuable test because hetatrophy has also been reported to support higher cell

densities over longer growth periogRosenberg et al., 2014)

For conditions where cell growth was supported, analysis of their growth
curveswould be needed to determine whether differences in harvest cell densities
were due to varying growth rates (i.e. cells had not reached maximal stationary phase
cell density by 48 h), or if some carbon sources were facilitating higher maximal cell
densities by reducing the need for photosynthesis and hence any disadvantages of
high density celshading. Additionally, the effect of the growth condition of seed
inoculum must be considered: seedere grown in standard TAP mediuso there
may be a period of @aptation to the new media which has not yet been
characterisedThediffering pigmentation ofChlorellasp. cultures has been observed
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previously in heterotrophyRosenberg et al., 2014ynder highlight (Grudzinski et
al., 2016)and nitrogen deprivatiorfVonlanthen, 2013)

3.7.1.3 The effect of arbon source and concentratiam cell mass

It makes sense that the total biomass from the cultures is different
considering their different cell densities. However, the difference in biomass is not
directly corelated with cell number. This incongruousness is due to variance in
individual cell mass as seenhkigure3-14. One important consideration is that the
cells in different growth conditions were probably all in different growth stages as no
full growth curve was monitored and only a single harvesetpoint was measured
due to time constraints. Additionally, the cultures were not synchronous. Considering
cell size and morphology may change throughout a growth dgieoccioli et al.,
2014) this could explain some of the variation. The cell size may be relevant to the
extraction of the desired product because it is costlyprocess biomass and break
open the tough cell wall oEhlorellasp. Larger cells may be more amenable to cell
disruption but it would be worth consulting with appropriate industrial research
groups to determine how much of an economic factor this mayTies increase in
cell size o€C.sorokinianavhen grown on glucose has been observed in previous work
(Shihira and Krauss, 196&)d also the related microalgahlorellavulgarishas cell

size and shape dependant omet culture conditiongChioccioli et al., 2014)
3.7.1.4 Xylose may be an inter@sgj carbon source to pursue in further research

Xylose is relevant sugar because itais important part of hardwood
hemicellulose and there is lack of pentose sugar utilisation for bidfieste et al.,
2016) It has previously been used to induce lipid accumulation in microglgzte

et al., 2016)In the experiments in this chtgy, xylose had an interesting observation.

2 KSYy Wy2NXIfQ O2yOSyiaN)IGAz2y Eetz2asS 41 &

unable to divide, being sustained at just above the inoculation density, but in the

presence of glucose they grew again, and this ginowas more than glucose on its

own (Figure3-12). The ability of the cells to grow when xylose was combined with

glucose suggests that xylose is not toxic to théscal this concentration. However,

the lack of growth beyond the inoculation density suggests that xylose is unable to
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be utilised by the cells and that additionally for some reason cells were unable to
utilise the light and grow via photosynthesis. It idbe interesting to run a parallel

experiment in autotrophic conditions to validate this hypothesis.

Previous studiegHassall, 1958)avefound that Dxylose arrests cell division
at a concentration of 0.5% flasks bubbled with GObut not those with an alternate
carbon source such as glucose, fructose or mannose, with or without T
corroborates the findings presented in this chapter whérsorokinianas unable to
grow on xylose only, but when a second carbon source is added, such as glucose, they
are able to grow. The same previous styHpssall, 1958)bserval that the addition
of glucose to bleachingetis in xylosecontaining medium after 4 days allowed the
cells to regenerate and multiply in 48 hours, suggesting death is caused by starvation
rather than a toxicity mechanism. They propose that xylose or a derivate is blocking
a part of the Calvin cycland thus photosynthesis. If xylose is a true blocker of

photosynthesis, it could be a useful tanlresearch.

However, contrary to the observations in this chapter and the previous
report, one study shows that the UTEX 1602 strairCo$orokinianacan ptake
D-xylose, but that in the presence ofdlucose its uptake is inhibite@heng et al.,
2014) The differences her highlight the difficulties in comparisons in microalgal
work where there are such large variations between strains of the same species,
which is especially true i@hlorellasp.where many unknown algae of great diversity

were classified as sughs disassed in introduction sectioh.5.1).

3.7.1.5 Different base media affects cell growth

There were interesting variations in cell growth in BBM and TAP base media.
Themain constitutional difference between these two media are their carbon and
nitrogen sources, however they also differ in other elememtb{e3-5) which could
have ontributed to the growth variation. For example, there is half as much
potassium in TAP compared to BBM but slightly more phosphates in BBM than TAP.
The sulphates are at similar levels but the iron is in a different ionic form. Also, TAP

media uses tracelement solution optimised for the green algzhlamydomonas
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reinhardtiiwhich was shown to increase algal growKropat et al., @11)whereas
BBM does nofNichols andold, 1965)

The effect of these media differences could be tested by conducting an
experiment with TAP containing the alternate iron source, or a more general test
using the different trace element solution. Modifications of phosphates, iron and
sulphates levels have been used to induce lipid accumulation in microalgae previously
(EFSheekh et al., 2015; Otsuka, 196Db) it would be interesting to investigate the
effect of this on lipid accumulation @hlorellasp.as well. Calciummagnesium and
zinc have been shown to largely contribute to differences in growth rate in a large
screen of mediaWolf et al., 2015) Since the presare of different imso a A 2 Yy A O
O 2 y (i &rifl imécronutrients has been shown to edt growth and lipid content,
high-throughput optimisationapproaches would be a valuable way to properly
determine optimal growth media rather than using commonly used media for
convenience(Evens and Niedz, 2010; Hallenbeck et al., 2015a, 2015b; Wolf et al.,
2015) However, the cost of making a tailored medium would need to be balanced

with the change in output afhe desired product.
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Component | BBM | TAP
Major lons(mM)
(Caj* 0.170 0.340
EDTA 0.171 0.058
(Mgy* 0.304 0.406
K 2.70 1.602
Acetate - 17.420
Tris - 20.0
(SQ)* 0.36 0.408
(Cl) 0.78 8.234
(PO)* 1.72 1.000
Na" 3.37 0.160
(NQ) 2.94 -
(NHy)* - 7.478
(CQ)* - 0.022
Trace longuM)
(Mo)®* or (MoQ)* | 4.93 0.200
(Se@?* 0.0116 0.10
(Zn¥* 30.67 2.50
(Mn)? 7.28 6.00
(Fey* 17.91 -
(Fe¥* - 20.00
(Cuy" 6.29 2.00
(Co¥* 1.68 -
(Sn}* 0.0038 -
(VO¥* 0.0101 -
I 0.02 -
(BQ)* 184.700 -
(Niy* 0.013 -

Table3-5 Molar composition of the two different growth media used in this work.

Molar composition was calculated from recipes given for the various media. The BBM

medium is that of Sigma (B5282) and the TAP math a
NI OS ydzi NA Sy

Y Q

a2t dziAz2ys y2i

A0FyYRFNR 0 dz
| dzil y S NA

3.7.2 Suitable conditions for preferential C18:3n3 accumulation

C sorokinianahas a variable lipid profile and soneenditions favour the

dza Sa

tA]S

production of PUFA precursors. In the course of the work presented in this chapter,

several potential parameters were investigated in terms of their effect@n

sorokinianagrowth andfatty-acidprofile (Figure3-1). Exploration of mixotrophy and

heterotrophy in two different media determined that mixotromhgrowth in TARvas

preferential for C18:3n3 accumulationn terms of proportion of all thdatty-acids

across the celind thatCl8:3n3 level was relatively consistent over time but peaked
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at 48 hours during early stationary phadégure3-11). The growthcondition that
produced the most C18:3n3 in the preliminary work was heterotrophy in TAP at 48
or 120 h harvest which gave almost 40 mol% 18:3n3. This was closely followed by
mixotrophy in TAP at 12 or 48 h harvest which gav886n0l% 18:3n3Higure3-9).

This second growth condition (mixotrophic TAP) was chosen for the more in
depth study into different carbon and nitrogen sources presented in this report. 48
hours cultivation was chosen bause at this timepoint cultures accumulated more
18:3n3 in the initiabxperiments ands practical to work with in the lab. In the data
presented, the maximum mol#f C18:3n3occadA & (G KS adGlF yRIFENR ¢!t 6Wy
condition at 36 m&% C18:3n3Figure3-17). In addition to exploring the proportion
of different FAMEs using mol%, other measures utilising quantification by an internal
GC standard and normalisationitaividual cells or total culture were presented. The
maximal condition in each of these data sets is different: for mol%, the top conditions
are Ac(36%) followed by AcGlc (33%); for pg lipid per cell¥t isAGHCKAowed by
both low 1/10 nitrogen coditions (0.38, 0.1-0.19 pg/cell respectively) and for lipid
per culture it isAcGlcat 9.8 ug/ml culture andAc at6.5 pg/ml culture (Figure3-17).
The mol% value ia agreement with the value of 388% obtained in the preliminary
study for these conditiond~gure3-9), suggesting the methodology is reliable in this
case.The optimal conditiorwasa balance between optimal fattsicid profile ratio,
total lipid accumulation, and cell density/growth ratélthough the amount of
C18:3n3 per cell was low for culture conditions of combidedsi¢ the increased
biomass of theseudtures at the harvest timepoint means that they are the most

productive producers of C18:3n3 per culture volume at@8nl culture.

The consideration as to whether it is more beneficial to have a higher ratio of
C18:3n3 per cell or a higher total yigddr culture may also depend on the enzyme
kinetics.C18:3n3 is therecursor of theomega3 pathwayon which transformed
heterologous enzymes will act upon (seoductionFigurel-10). It follows logically
that for maximum productomega3 LCGPUFA)accumulation, the proportion (i.e.
mol%) ofthe C18:3n3 substrate would need to be maximised in the cell. However, it
might still be better to consider maximal total maef C18:3n3 per cealhther than
relative proportion even if the proportion of C18:3n3 is lower compared to other
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fatty acids, because the enzyme:substrate ratio may be more optimal idyth&mic

This would depend on the specificity angi §f the enzyne: if the enzyme is
promiscuous or has a lowKhen the growth condition with the highest mol% would

be preferred, since only a small amount of substrate is needed for the enzyme to
reach its Wax and it would be important that the enzyme was more hk#d react

with the desired substrate (C18:3n3) than an unspecific substrate. If the enzyme is
highly specific or has a higlwKmaximal C18:3n3 mass per cell may be preferred as
it maximises the C18:3n3 substrate per unit enzyme in the algal cell. Tiieserd
options highlight the need to consider enzyme kinetics such asctiikkratio on an
individual basis when deciding what level of substrate to aim for in the cell, and if
these kinetics are uncharacterised for the enzymes in question, thenpieugirowth

conditions may need to be considered.
3.7.3 Other interesting FAME patterns

Other differencesnd patternan FAME patterns were recorded in sectid
and3.6.5. Changes in lipid profile are expected over time as the cell remodels itself
throughou its growth cycle. In order to explain the changes in abundance of various
fatty acid chains, one can explore the function of the different fatty acids. Though it
is worth noting that the cultures are not synchronised in this experiment and in order
to examine the lipid transfer between classes during the growth cycle then
synchronous culture would have to be used. This is one benefit of using microalgae
as models to explore these physiological processes, because they can be easily
synchronised by light/d& regimes (Sorokin and Krauss, 1959; Tischner and
Lorenzen, 1979)

In section 3.5 is an example of the fatty acid profile of just the TAG fraction of
UTEX 1230 cells and their breakdown istopositionon the TAG moleculéigure
3-7). Different positioning can indicate whether the fatty acids in the TAG molecule
have been generated by the prokaryotic or eukaryotic pathway and so enable insights
into the cellular metabolism. This kind ofatough analysis would be a beneficial
resear® avenue in future characterisation of the growth conditions identified as high

C18:3n3 accumulators in this wowk.previous study has analysed the FAME profile
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of TAG in UTEX 1230 grown in BBM supplemented with glucose at 10 g/l and does
have some similiies with the results presented here. Fexample, they observe
almost tenfold more FAME 18:2 compared to 18:3 in heterotrophy and ~5 times
more in mixotrophy. In their FAME profile, 16:0 and 18:2 have similar amounts to
each other. Over time, 16:0 aritB:2 show the most increases whereas 18:3 stays
almost the same for both mixotrophy and heteropioy as measured from three to

thirteen days(Rosenberg et al., 2014)

3.74 pH and osmotic stress as altematriggers for inducing neutral lipid

accumulationin Chlorellasorokiniana

Cell density or growth rate may also have been affected by the pH changes
seen in the cultures. Cultures containing glucose underwent acidification, except
those that also contaied acetate or had high/low nitrate or low ammonium in the
media Figure3-12). The precise impact these pH changes have on cell growth would
require further monitoring of the growth curves because in this experiment the
changes in final cell density reflect the influence of both the nutrient conditions,
growth phase and pH interaction. Howeytte identical final cell density of replete
and 1/10 ammonia foGlc normal suggests it is attenuated to some degpél crash
of algal cultures is a known issue in industry, and cells do eventually kill themselves
GKSY 3ANRBgY 2y | YY2YyAdzY 6KAOK A& gKeé Al
although the ammonium itsélis not toxic(Scherholz and Curtis, 2013)Extra
buffering against pH changes, for example via bubbling of carbon dioxidie, also
aid higher cell densities. However, this adds to the cost and complexity of bioreactor
design(Tan and Adebusuyi, 2016)herefore, approachethat carefully tailor the
growth medium to consider proton stoichiometry, sometimes with multiple nitrogen
sources, have received recent attenti@cherholz and Curtis, 2013; Wang and Curtis,
2016)

A common way to induce TAG accumulation in microalgae is through the use
of nitrogen deprivation(de Lomanaet al., 2015; Fan et al., 2014; Zhang et al., 2017)
but the lower productivity of the algal celleeans it is not always a viable strategy

There have beetwo-stage growth regimes developéa mitigate thisbut these have
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additional drawbacks such aseeding to change media which is expensive and
impractical especially at large scél\dinhas et al., 2016Although the purpose of the
carbon and nitrogen screen wasainly foassed on identifyinguitable conditions
for C18:3n3 accumulation, the examination of the neutral lipid data led to some
interesting insights for avenues to be investigated further in terms of triggers for

neutral lipid accumulation i sorokiniana

The results in this chapter show promising preliminary data that acidic
conditions(pH 3.04.5) or osmotic stress by high glucoge00 mM or9% w/v) can
also induce neutral lipids. These stresses could be industrially relevant because they
are cheap, simpland reproducible and can be triggered by the preferable process of
addition of a factor to the growth media, rather than removal of a component which

can result in costly processing to change media
3.7.4.1 Why the pH varied in the cultures

Acidification of algaecultures is typically attributed to the *Hon release
associated with the ammonium uptake symport{&cherholz and Curtis, 2013; Von
Wirén et al., 2000) The minimised acidification in the nitrate or low ammonium
growth conditions in this experiment supports this explanation. Nitrate uptake is
typically associated with a rise tine pH of algal culturéScherholz and Curtis, 2013;
Wang and Curtis, 2016)For acetatecontaining conditions, acetate is being
consumed by the algae which typically pushes the Tris:acetater®syfétem to more
alkaline because the level of the acidic component is reduced. It is interesting that
the assimilation of acetate in #se media mitigates the ammonimduced
acidification enough to cause a pH increase. This may suggest that eithereaisetat
the preferred carbon source in duabrbon source conditionsnd in fact the second
carbon sairce is not being utilised.rthat the presence of acetate allows utilisation
of the second carbon source (e.g. glucose) to a greater extent by mitigieng
deleterious drop in pH. To test this, monitoring the amount of each carbon source
left in the system would be necessary, either by assay or some other analytical
method such as HPLC.
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In conditions where acetate was not one of the carbon sources, tedian
was brought to correct pH with HCI instead. Since HCI is a strong acid rather than a
weak acid like acetate, it reduces the buffering capacity the medilma.uBe of a
different base mediunsuch as BBM (used in the growth conditions test in section
3.2.2.2 Figure 3-4) which does not us¢he carbon source (acetategs part of a
buffering system, would allow the effect of these dual carbon sources to be analysed

without the need to consider a secondary effect on pH.

Furthermore, it is interesting to note that i@hlorellasp.the rate of glucose
uptake has been shown to be pH dependent: the hexose transporter uptakes a
proton and when the proton concentration in the media is reduced then levels of
carbon uptake also diminisfKomor and Tanner, 1974Perhaps the addition of
glucose could beised as a strategy to avoid pHiaase on ammonium growtbn
unbuffered media, if acidic pH is not desirddwould be interesting to determine
whether the absence of a pH dexase in the Higlelc condition is because the cells
were not growing enough to metabolise the ammonia to cause a pH change, or
whether the large amount of glucose present meant the uptake of protons mitigated
this effect. To tet this, the carbon uptake from the media would need to be
measured and for the lower carbon conditions, investigating whether there is a
timepoint at which the glucose has been totally depleted which then corresponds

with a subsequent pH decrease.

3.7.4.2 Prelimnary evidence for the use of acidity as a neutral lipid trigger in
Chlorella correlations between high Nile Red signals and acidiofpgHe

cultures

In the Nile RedNR)data from the carbon and nitrogen regime experiment in
section3.6.6 initially it was surprisinghat so many of thenon nitrogendeprived
cultures had a high NRsignal. For example, apart from the nitrogen starved
GIcNH1/10 and GIcN€1/10, highNR signalwas al$éls O2 NRSR Ay Wb 2NX I f Q Df
Df eDf O | yIncedgalcalstyPicaytacadmulaipid under stressit follows
that the presence of neutral lipid can itself be an indicator of cell stress and so

identifying the cause of the stress lgjoser examination of the other measured
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parameters revealed some interesting correlatiodgb 2 NI £ Q Ol OSy i NI
GyGlc and XyGlall had acidification of mediseaching pH 3.5 for Glc and GlyGlc

or 4.5 for XyGlcThe casas particularly evident when directly comparing the Nile Red

signals of the replete and starvadtrogen conditions for ammonia (Glchlldnd

GIcNH:1/10) and nitrate (GlcN©and GIcNGL/10). As expected, both the 1/10

(deprived) growth regimes have high neutral lipid regardless of whether the nitrogen
source is nitrate or ammonia. However, the only replete nitrogen condition with high

neutral lipidis GIcNE&which has a pH of ~4 compared to pH 7 for replete GicNRls

suggests that pH is able to stimulate neutral lipid accumulation to a similar extent as

nitrogen stress.
3.7.4.3 Osmotic stress as a trigger for neutral lipid accumulation

Although High Gldid not causeacidification of the media, the cells grown in
this condition were larger so would have been physically able to contain more neutral
lipid per cell. Also, the high 9% w/v carbon could have placed the cells under osmotic
stress. The addition 6 glucose supplementation causing lipid accumulation is in
agreement with literature reportfRosenberg et al., 2014However, glucose is a
relatively expensive sugacompared to waste carbon sourgesuch as xylose and
glycerol, so it could be worth trying to focus efforts on optimising growth on these
carbon sources instead. Though, this would be more relevant for the production of
low value products like biomass feedbiofuel, since if the desiteproduct isof hight
value, such aan omega3 PUFA, then there is more tolerance in the cost of supplied

nutrients to be economically competitive.
3.7.4.4 Further experiments

In order to confirm the effect of pH and osmotic stress, additional controlled
experimerts would need to be carried out. In the literature, alkalinity has been shown
to induce TAGccumulationin Chlorellasp. (Guckert and Cooksey, 1990; Rai et al.,
2015) In terms of osmotic pressure;2P6 glucose has been reportadthe optimum
osmoticconcentration(Hassall, 1958whereas in this experiment 9% was used. The
data in this chapter has provided some interagtpreliminary observation# would
be beneficial to repeat this work and conduct it usingasign Of Experiment
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methodology which would be more rigorous and has been successfully used to

explore the parameter space for conditions for heterotrophidtication of algae

(Chiranjeevi and Venkata Mohan, 2016; Wolf et al., 20IBpWYy 2 NXY' I f & Ol Nb 2y !
and AcGlconditions clearly are not stressed as reflected in their high cell desrsity

low neutral lipid signallt would be interesting to take these optimal growth

conditions and stress the cells using addition of acid or high carbon to see iheutr

lipid accumulates.

A limitation in this experiment is that onfyne time-point was sampled and
so differences in growth phase were not taken into accoutie cells were likely
growing at different ratesbutthe growth curves were not measured becauise&as
beyond the scope of this preliminary experimeiherefore, there may not have
been enough time for lipid droplets to accumulate tlee maximum/level since
Chlorellasp.cultures are often grown for 5 days more(well into stationary phase)
before assessing lipid conterfRosenberg et al., 2014; Vonlanthen, 2Q18yd
nitrogen deprived cells typically start accumulating lipids at the late log phase
Characterisatiorof lipid at different timepoints would be required to idefitithe
growth condition which provided an optimal balance between cell stress causing TAG

accumulation, and any deleterious effect on growth rate/biomass production.
3.7.5 Other explorations of the neutral lipid data
3.7.5.1 Insights into lipid remodelling from neutfgdid

In addition to quantification of total lipid per cell from FAME analysis with
internal standards, neutral lipid per cell was also measured via the Nile Red (NR)
assay, which is commonly used as a proxy for TAG accumulation. Although the main
focus of this work was to identify a condition with maximal C18:3n3, TAG
accumulation was also explored because enrichment of TAGs is desirable for
industrial extraction of lipids. When the NR data is examined in combination with the
FAME lipid pg/cell data, it possible to gain insights into any lipid remodelling which
may be occurring in the cell, and whether this is directed to TAG or other areas such

as phospholipid membranes.
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In some casesll of the change in FAME lipid per cell can be attributed to
accunulation in TAGFor example, there is -@2-fold increasein FAME lipid per cell
in nitrate deprived (GIcN£2/10) culture compared to thaitrogen replete culture
(GIcNQ@) but a ~5-fold increase in NR signal fareutral lipid per cell In other
conditionsthe change in FAME lipid per cellnist reflected inthe NR signalFor
example, cultures grown in high concentration glucose (high G)adHditionhada
~2-fold increase in FAME lipid per cblit only a ~1.1 fold increase in NR signal
compared to normal glucose (GNH:) (Figure3-15, Figure3-19). These discrepancies
could bedue to variations in lipidype remodelling between the different growth
conditions and could be tested by examination of the different lipid classes % C
or TLC.

3.7.5.2 Nitrogen stressed cells FAME profile

Examining the Nile Red data in combination with lip&l profile gives some
preliminary insight into avenues and targets which could be pursued in future
experiments. As expected, the nitrogen stressed cells do appear to contain more
neutral lipid than other growth conditions, but they also preferentia@tcumulate
different fatty acids. The nitrogen stressed cells accumulate unsaturated fatty acids
which are good for a biofuel application, but not for the omegparecursor 18:3n3.
Even though nitrogen starved cells had higher lipid content per celhitieer culture
productivity and preferential accumulation of 18:3n3 in Ac and AcGlc growth
conditions compensates for this and results in accumulation of more 18:3n3 omega
3 precursor overall in the culture (at least for the timepoint of 48 hours useHig t
experiment). Therefore, for production of PUFAs the use of nitrogen stress as a lipid
induction technique may be countgroductive, even if total lipid content of the cells
is higher. This chapter highlights that a better strategy to explore in farthe
experiments would be the use of exogenous carbon supplementation such as acetate
and glucose because although individual lipid content per cell is not higher than
nitrogen stressed cells, there is a preferential accumulation of PUFA and greater
productivity. This hypothesis would need to be validated in the context of the whole
growth curve of the cells, because as shown in sec8ahl, the FAME profile
changes over time but the carbon and nitrogen regime data presented in s€tton
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represents only a snapshot of the cells at 48 hours in an undefined growth phase for

most media as the growth curves were not monitored.
3.7.6 Methodology issues iagalgrowth and lipid studies

Recently, there has been increasing attention in both the medié within
the scientific community thathere is a problem with replicability aEsearch. One
survey found that when scientists attempted to reproduce another researchers
experiment, 70% failedyith 50% even failingvhen trying to reproduce their own
work (Baker and Penny, 201@lgal research is no stranger to this eith@nalysis of
the composition of algal biomass is arguably one of the most impbeapects of
algal laboratory work considering that a large proportion of algal research is focused
on their potential as feedstocks for biofuels or nutritional components. However, in
published research there is great variation between the methods usetltheir
effectiveness varies between the algal species ugaal/onius et al., 2014; Dejoye
Tanzi et al., 2013; Laurens et al., 2012; Yan Li et al., 2014; Tang et al., Za16b)
example, in lipid analysis many publications use derivatives of traditional methods
such as Bligh and Dyer or Folzdsed solvent extraction, but do not fully spgdifieir
modifications leading to difficulties with replicability and comparison of work
between different laboratorieglverson ¢ al., 2001) The adoption of technical
standardisationssithe norm in industry and would be worthwhile to facilitate inter

laboratory studiegLaurens et al., 2017)

The potential sources of error in lipid analysis work can be overwhelming and
there is often a lack of detail in metds sections of published articles. Considering
in some research, the inability to replicate findings was distilled down to differences
in the way researchers stirred their cefldines et al., 2014the omission of even a
centrifuge speed or an incubation time in a protocol may have repercussions on an
experimental result. In this chapter, several challesgn algal measurements were

revealed and are some potential sources of errediscussed below.
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3.7.6.1 Measurements of cell density and biomass

In this chaptey cell growth was measurday ODsoand manual cell counting
for cell density. Oois a measure of biomass rather than cell number because it is
affected by the size of the particle. Although it is possible to make calibration curves
between cell density and QB (Ding et al., 2016)hey are unsuitable if the cell
changessignificantlyin morphology or size. Discrepancies between;$pBnd cell
density were observed iRigure3-3where the increase in manual @is more than
cell number andrigure3-2. ODsoin the Algem bioreactor has its own issuEsause
there are physical limitations to the automated system where the sensor gets
saturated because the path length is across base of theflask, and therefore a
calibration curve must be done using manual measurements. However, these can be
inaccuateif there are changes in cell morphology or size. Hence for the experiments

in different media and carbon and nitrogen sources, cell density was used.

Additionally, the use obptical densityas a way of sharing data between labs
is not ideal becausewg to variations between spectrophotometers and plate readers
it is not an absolute measurement like counted cell density. These problems have
been highlighted in bacterial work, especially in relation to cell fluorescéeal et
al., 2016) However, counting cells with maemocytometey although an absolute
value rather than an indirect measurement, the method is subject to large ,error
especially considering the equipment was designed for counting large red blood cells
which are much larger thag. sorokiniana and is incredibly time consuminén
alternative to this would be to use automated machines, though there are additional
costs Other possibilities are the use of software and algorithms which can analyse
images and perform the counts which would be the ideal soluf@@gissmann, 2013;
Grishagin, 2015)Other altenatives also include using colour based analyses to
estimate biomasgSarrafzadeh et al., 201,4)ut this would be inappropriate in this
case because of the bleachingserved in some growth conditions despite similar

cell densitiesKigure3-13).
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3.7.6.2 TotallLipidextractiors

In this chapter, two solvent based methods with different mechanical
disruption and phase separation were tested. Mechanical disruption has been shown
to be important in algal lipid extractiofKim et al., 2016; Rakesh et al., 20f&) in
this case there were no obvious differences in yield between thenhethods Table
3-2).

There are manyipid extractiontechniqueswith a multitude of minor, often
unspecifiednodifications with little standardisation. Partly thidiscausea lot of the
techniques need calibrating to individual organisms themselves. Although this is
adequatewhen doing in depth studies on just one strains less useful fostudies
assaying differences between many strains such as bioprospectirexpboring

culture collections.
3.7.6.3 FAME analysfer acyl chain analysis

The analysis of chain length by derivatising the sample for aity Methyl
Esters (FAMES acommon wayto analysealgal lipids but there are sontrawbacks
such ashigh variability between experiments. Additionally, separation of the FAME
mixture by Gas Chromatography with flame ionisation detectionF@®Q is labour
and time intensive and requires calibration temdify the peaks based on standard
FAME mixes, some of which have only become available within the past few years.
An alternative to identifying the peaks is by -GS (Gas chromatographyass
spectroscopy but again this requires access to such equipméidwever FAME
analysis can be a powerful quantitative analysis when standards of known

concentration are used.

In FAME analysis it is common practise to remove unevendaitis 15:0 and
17:0 from the profile because they aregardedas contamination fran bacteria
(Lang et al., 2011; Viso and Marty, 1993)erefore in axenic cultures thesgpecies
should not be present, andis is whyC15:0 was choseas a standard. However, if

there are large amounts of thesedsterial signals then it raises issues as to whether
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the bacteria are contributing to the FAME profile as well and therefore providing

unreliable orconfoundingvariable.
3.7.6.4 Nile Redhs an estimate afeutral lipid

Nile Red is a commonly used method for estiimg neutral lipid in microalgae
(AlemanNava et al., 2016; Chen et al., 206flim and Webley, 2015; Morschett et
al., 2016) However, the technique is sensitive to multiple variables whiclstnbe
optimisedfor each straifAlemanNava et al., 2016; Pick and Racht#alogin, 2012;
Rumin et al., 2015)Suitable conditions for C sorokiniana had been previously
identified (Vonlanthen, 2013)ut the resulting scanning emission curves are complex
and do not show clearly separated peakse to the presence of polar and nguolar
lipids (Figure3-18).

The response of Nile Red to both neutral and polar lipids was described during
the firstreport2 ¥ G KS O2YL}RRdzyR 6KSNB bAfS wSR gl ¢
probe in which the fluorescence maxima exhibit a bdidft proportionalto the
KERNRLIK206AOAG& AGreensgas and Fowlér NLRSRNhSughi Nile
Red preferentially binds to neutral lipid, it will bind to polar lipids in exeesisthese
different peaks have been widely reportgéHalim and Webley, 2015; Pick and
RachutinZalogin, 2012; Rumin et al., 2015)

In this work, a single wavelength was extracted from the emission curves to
represent the neutral lipid peak. Although this is the accepted way of doing it,
examinationof the curves highlights the inaccurabgcause this peak is often a
shoulder tothe remainder of the urbound Nile Rd or the polar lipid peak from
excesdNile Red. Thereforejn future it could be worth adding less Niled®l, butthis
creates other problems such as quicker Nile Red saturafitiarnatively the data
from the entire emis®n spectrum could be used, and perhaps it would be more
representative to use a measure of the extent of the peak shift to indicate the amount
of neutral lipid.Some studies have used more complicat®dthematicalanalysis to

deconvolute multiple curve@Viseu et al., 2003)
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3.8 Conclusion

Lipidmetabolism is prt of central cell metabolism as therefore is a complex
process affe@d subtly by multiple input paramets, asoverviewed in the
introduction. In line with the aims of the thesis to enginé&rsorokinian@ao make
high value oils such as the omegdatty acids EPA (20:5n3) and DHA (22:6n3), this
chapter aimed to probe a specific part . sorokiniandipid metabolism: the
accumulation of the fatty acid ALA (18:3n3) in the lipid profile. ALA is the longest fatty
acid chain whichC. sorokinianasynthesises and is the precursor for atgnger

omegaa3 fatty acidswvhich the cell could be genetically engineetedsynthesise

This chapter found that the lipid profile of the cell exhibits changes in
response to trophic mode, base media and cultivation tiffilee results presented
show thata suitablegrowth condition formaximisingl8:3n3 is a balance between
achieving a desireable FAME profile at an individual cell level, and the overall
productivity of the cultures. Among the conditions screened, the most suitable
include:heterotrophic or mixotrophic growth innmodifiedTAP media which yielded
40 or 3638 mol%18:3n3(36 Mol% corresponded to 65y 18:3n3Iml of culture)
respectivleyat harvest points of 48 and 120 houehd TP media with eetate (17.4
mM) and glucose(5.8 mM) which yielded 33 mol% or 9.8 U@:3n3ml of culture
Although nitrogen stressed cellappeaed to contain more total lipidthe FAME
profile of these cells tended towards increased unsaturdtéatty acids which are
more suited to biofuel apptations, and shows thathe use of nitrogen stress as a
trigger for PUFAaccumulation could be caoder-productive. For TP media with
glucose ab00 mM the largest amount of 18:3n3 per cell wastained (0.38 pg/cell
but cells had lower productivity by the harvest timepoint of 48 hour§.2 pg
18:3n3Iml of culture). However, investigation into this adition with a longer
cultivation time could be valuableecause the growth phase of the culture was not
knownand the FAME profile did not show any unfavourable shifts to saturated fatty

acids (18:3n3 was 29 mol%)

Havingidentified somesuitable growth onditions for PUFA productionhe

subsequent chapters in this thesis are concerned with the genetic engineering of the
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microalga C.sorokiniana which is required in order to introduce heterologous
elongase and desaturase enzymes to act upon 18:3n3 fatty acids and prodgee lon
omega3 fatty acids. fie growth conditionsdetermined in this chaptecould be used

to maximise PUFA production in this geneticahgineered strain
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CHAPTER 40PTIMISATION OF A
TRANSFORMATION SEHRATFOBHLORELLA
SOROKINIANA

4.1 Introduction

Although C sorokinianaUTEX1230 is a promising strain emns of its fast
growth rate, lipid profile and TAG accumulation, theirrently limited ability to
introduce heterologousenzymes to allow production of specific bioproducts is
important in its potential as an industrial strain. Genetic engineering of microalgal
strains for heterologous gene expression or up/down expression of native genes is
seenas one way of achieving production of specific chemicals as an alternative to
screening for natural high producerand allows some nonatural products to be
produced. Specifically of interest in this project are genes to modify the lipid
pathways to allev high value PUFAs be made. This genetic engineering strategy
requires a way of transforming microalgal cells and selecting fosercontaining
recombinant genesAlthough a preliminary investigation into using electroporation
in C.sorokinianawas caried out (describedn section4.2), this chapter focuses on
usingAgrobacteriuramediated transformationchosen as there was a precedent for
this method working fronmprevious studiegHiegle, 2014) Based on a review of
published protocols ofAgrobacteriumramediated transformation across a rangé o
microalgae, and examination of the infection mechanism, rational modifications to
the initial protocol are suggestedheantibiotic sensitivity of wiledype C sorokiniana

is also rigorously assessed

4.1.1 The use of G418 and zeocin as s@acagentsand he testplasmidused in

initial transformatios

Antibiotic selection is one of the most common ways of detecting
transformants aghis involvesdominant positive selectable markers andlthough
varying levels of expression may be obsehdue to positionakffects, selection

ultimately givesa binary output: cells live if they contain the construct and die if they
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do not. There are many antibiotic or herbicide resistance genes that have been used
in microalgae such asphVIlfor paramomycin and neomycirHpt for Hygromycin B

Nptll for G418 (Geneticin) Ble for Bleomycin/Zeocim and Als for suphonylurea
herbicides (Reviewed ifBashir et al., 2016; Gangl et al., 200L&pnBafiares et al.,
2004; Radakovits et al., 20)0)Some, such asadA for spectinomycin and
streptinomycinresistanceare specific to the chloroplagBashir et al., 2016; Gangl et

al., 2015) Different species of microalgae yagreatly in their natural resistance to

these, so they must be tested for each strain.

C sorokinianaUTEX 1230 is a notably tough strain and the antibiotics
Hygromycin B and Pamomycin, which are commonly used in other microalgae, are
unsuitable for skection in C. sorokinianadue to growth of the wildype at
unreasonably high concentration®/onlanthen, 2013p Dnmy YR %S2 OA )
previously been found to be effectiHiegle, 2014; Vonlanthen, 201and the
RbleC23®lasmidconstructcontaining both G4& and zeocin resistance cassettes has
been successfully utilised foAgrobacteriummediated transformation of C.
sorokiniana(Hiegle, 2014)Plasmid RbleC2Figure 4-1) uses the pCAMBIA2300
backbone (GenBank AF234315.1yuitable for Agrobacteriuramediated
transformation of plant cells Between the right border and the left border (which
define the region of DNA thatgrobacteriuntransfers to its host) arevo antibiotic
resistancecassettes oriented in diverging directionseTfirst, the nptll gene for
resistance to G418is used as a selectable marker for isolation of putative
transformants and the secongthe ble2lgene which confers resistance to zeqdm
usedas a reporter cassette to scoand confirmtransformants. Thenptll CDSis
driven by a duplicated CaMV 35S promoter agitinator(CaMV35S2) anthé ble2l
CDSsdriven by theC reinhardtiiRBC3promoter and terminatorBle2lis a modified
version of theble geng containing two endogenou€. reinhardtiintrons from the
RBC&gene, which has been shown to increase pnotexpression irC. reinhardtii

(Lumbreras eal., 1998)
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P }
G418R (nptll) = | | zeocin?| |(ble2))

R - (A
Kan ori {ori)

Figure4-1 Diagram of plasmid RbleC23 used in initedrobacteriummediated test
transformations ofC.sorokiniana The plasmid is a total of 10kb. It uses feAMBIA2300
vecta backbone (GenBank AF234315.1) modified by cloning a Zeocin resistance cassette
(Hiegle, 2014)The construct between the left border (LB) and right border (RB) sequences is
3779 bp and consistof a G418 resistance gengtlland Zeocin resistance gehk2l These
genes are flanked by the duplicated Cauliflower Mosaic \BB$promoter CaMV25Spand
single terminator sequence/pobA signal (35ST) or th@ reinhardtiiRuBisCo promoter and
terminator RBC3) respectively. The Zeocin resistargene is modified to include tvoopies
of C. reinhardtiRBC3intronl (greenbandg. The backbone has two origins of replication,

one forE. coliand one forAgrobacterium

G418was first reportedfor use intransformation ofChlorellastrain ATCC
22521 by Hawkinst al. (Hawkins and Nakamura, 1998@here they used 1mg/ml
The encoding geneptll has since been reported as used @ither members of the
Chlorellagenus(Liu and Chen, 2016; Yang et al., 20i6Chlorellathe use ofble for
bleomycin or Zeocin resistance has only been reported fGhlorellaellipsoideaand
in one study they used 10y/ml for selection(Liu and Chen, 2016; L. Liu et al., 2013;
Yang et al., 2016However, due to large phenotypic differences between species in
the same genus, this level is not necessarily transferablé smrokiniana Indeed,
previous studies used @ein concentrations of up to 350g/ml (Hiegle, 2014)The
use of the bacteriable marker gene is well established @reinhardtiiwhich is the

first microalga for which it was us€tlumbreras et al., 1998;&t¢tens et al., 1996)
4.1.2 Transformation methods in microalgae

Transformation methods used for nuclear transformation of algae include
microparticle bombardment (biolistics), electroporation, agitation with glass beads

or silicon carbide whiskers, aminoclayanoparticles, Agrobacteriuramediated
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approaches, polyethylene glycol (PEG) mediated DNA uptake, and episome transfer
by bacterial conjugatiofiGangl et al., 2015; Karas et al., 2015; Liu and Chen,.2016)
Some of teese techniques such as PREf@diated methods often require the
generation of protoplasts by removal of the cell walhd although not a strict
requirement, in some cases this may increase the efficiency of other methods such
as electroporation and agitation with glass beadsEach method has different
advantages or disadvantages in terms of specialist equipment required, cost, time

and efficiency of transformatiofGangl| et al., 2015)

Most nuclear transformations in microalgaesult in random insertion of the
DNA into the genomeinceillegitimate recombination processes dominates over
homologous recombination pathways preseirt the nucleus in fact efficient
homologous recombinatiof nuclear transgenesas only been repori in two
algae species, both of which are red alg@mron et al., 2016)Although this is
actually a useful feature fampplications such as creatimgndom mutant libraries
for genetic engineering it is a disadvantage because positional effects hinder
precision by impacting transgene expressand disrupting host gendsilavova et
al., 2015) However, it may be possible to increase the number of homologous
recombination events by gemating doublestranded DNA breaks in the nuclear
genome facilitated by nucleases engineered to be transported désgrgbacterium
infection, as was reported in yeast and plantiserefore making it efficient enough
to be useful for biotechnolog§Rolloos et al2015; Tzfira et al., 2003Ylore recently,
genome editing by CRISPR has been successfully carriedrauticornutumand C.
reinhardtii, though the latter required the use of ribonucleoproteins rather than
expression of the Cas9 protein due to itxicity (Nymark et al., 2016; Shin et al.,
2016)

Despite there beingnly a few microalgae with established genetic toolkits,
over 40 species have reportedly been transfornsedcessfullfGangl et al 2015)
Those in theChlorellagenus includeC ellipsoidea C kessleri C sorokiniana C
saccharophilaC vulgaris C zofingiensisand otherChlorellasp. (as reviewed ihiu
and Chen, 2016; Yang et al., 2DIbhese were nuclear transformations using either
particle bombardment, electroporation, PE@r Agrobacterium In many cases,
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transformarts showed only transient expression of the transgene or had problems
with stability of expressioifLiu and Chen, 2016; Yang et al., 20E6)arge body of
work has also been carried out as part of a consortium caled\ational Alliance

for Advanced Biofuels and Bioproducts (NAABB) funded by the US Department of
Energy: in addition to the sequencing@ifilorellasp.genomesas mentionedn Table

1-3, theydescribethe creation of a genetic toolkit and successful transformation of

C sorokinianaand Auxenehlorella protothecoidesvia glasseads, thoughthe
specific details arecurrently unpublished and they note low transformation
efficiencies of 298.5%(NAABB, 2014; Unkefer et al., 2017)

Electroporation has had success in many microalgae organisms including
those in theChlorellagenus(Liu and Chen, 2016; Yaegal., 2016) Electroporation
is the use of an electric pulse to induce DNA uptake by cells. The precise mechanism
is not fully elucidated but generally it is believed that the electric pulses disrupt the
cellular membrane to create micropores whichethallow sections of the DNA to
enter the cell, whereby it is integrated in the host cell by native cellular repair
mechanisms. This results in random integration into the host genome.
Electroporation is another nuclear transformation technique thougtag heen used
for chloroplast transformation in one diatom species (ReviewedBiashir et al.,
2016). Electroporation is a common method for usedhlorellasp. having been the
reported method for work onC. ellipsoideaC. saccharophilaC. vulgarisand C.

zofingiensigLiu and Chen, 2016; Yang et al., 2016)

Additionally, C sorokiniana UTEX 1230 has been transformed via
Agrobacterium(Hiegle, 2014}Barbi, Hiegle & Purton, unpublished data). Owing to
literature reports of higher efficiencies for e @hlamydomonasp.than some other
methods (Pratheesh et al., 2014Agrobacteriuramediated transformation ighe

mainmethod of choice for this project.
4.1.3 Overview ofAgrobacteriuntransformation method

Agrobacteriuramediated transformation is a key method in the production of
transgenic plants and was first reported for the microal@areinhardtii in 2004
(Kumar et al., 2004)Agrobacteriumtumefaciensis a soil dwelling plant pathogen
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gKAOK OF dzaSa WONRgy 3l f f-like golvthsSeentgpicallg y O2 3 ¢
at the crown (above groundjo-root junction at the base fotree-trunks and other

woody plants(Kado, 2014) This pathogenicity depends on the presence of a Ti
(tumour-inducing) plasmid in the bacterium, which when induced by host signals has

the ability to mediate the transfer of part of its own DNA (T [transferr&dA)

containing oncogenes and opine (nutritious amiacid derivatives) metabolism

genes into the genome of the host in order to manipulate the phenotype and confer

onthe bacteria a competitivadvantagg(Figure4-2).

The crux of usinggrobacteriumas a universal transformation vector for DNA
transfer to plants or other organisms lies in the manipulatibthe T-DNA on the Fi
plasmid. In wiletype Agrobacterium the production, transfer and integration of the
oncogeneencoding IDNA from the bacterial Falasmid to the host is mediated by
the hostsignal induced expression products of a set of virulentg genes which
also lie inthe Tiplasmid. The -DNA region is well defined by two inclusive direct
repeat sequences of 288 bp termedthe left and right borders, and which are
required for TDNA strand excision during infectig@elvin, 2003) Any sequence
within and including these borders is integrated into the host chromosome;
therefore, replacing the native bacterial genes with target genes of interest means

these will get transferred to the targ€figure4-2).

Advantageof this methodinclude the potential for transfer of large (>100
kb) DNA segments to a single locusakmg metabolic pathway insertion feasible),
low cost, generally single or leeopy insertion into the nuclear genome, and
reportedly high efficiencies and stability compared to other methd@angl et al.,
2015; Qin et al., 2012)here are also binary vectors available that are compatible
with  modern synthetic biology cloning strategidieclercq et al., 2015)A
disadvantage is the impact on expression of positional effects or disruptibosaf
genes as a result of random integration into the host genpaléhough this is a
commonissue with most nuclear transformation methods in microal@ae et al.,

2013).
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4.1.4 A comparison ofAgrobacteriumtransformation methods in microalgae and

insight into important parts of the infection mechanism

The examination of the process Afjrobacteriuramediated transformation
and examples of protocols in the literature alloiwrmed choices to be made about
parameters in the protocolHigure4-2, Figure4-3). From the mechanisrfreviewed
in: (McCullen and Binns, 2006; Meyers et al., 2010; Pacurar et all; Z@fira and
Citovsky, 2006) it can be seen that crucial parts include appropriate induction of the
virulence genes by chemical and physical signals, and a requirement for recognition
of, and physical attachment to, the host cdfligure4-2). A survey of published
protocols (detailed tables are attached in the appentiable A-3, TableA-4, Table
A-5) highlighted a wide variety of parameter$igh vaied in optimal value between

algal species used; a summary of these considerations is shdvguire4-3.

Although sporadic, there have been reports of over 25 species of microalgae
transformed usingAgrobacterium starting withC. reinhardtiin 2004(Kumar et al.,
2004; Kumar and Rajam, 200B) fact,Agrobacteriuramediated transformation has
been reported in all species in the Introductibigurel-1. Chlorellasp. are among
those successfully transformeahd includeC. emersoni{Chiaiese et al., 2011¢.
pyrenoidosgReddy et al., 2017L.vulgaris(Cha et al., 2012, 2011b; Ng et al., 2016)
and other unspecifiedChlorellasp. (Lin et al., 2013; Sanitha et al., 201@ne of the
problems with these reports is the large amount of variation in parameters between
protocols, which are often not justified or properly explained (parameters listed in
appendixTable A-3,Table A-4). Also, the data on efficiencies is hard to compare
because it is expressed in different ways, and stability of lines is rarely reported
(appendixTable A-5). In fact, a recent report fo€. reinhardtii(Mini et al., 2A8)
which took a thorough approach to characterising their transformant lines was
unable to replicate the original Kumat al.2004method upon which the majority of
other reports are based. They had to add a modification to properly induce

Agrobacterum virulenceas discussed later

As a starting point in this work, a protocol developed previously Gor

sorokiniands usedHiegle, 2014)However, upon examination of published methods
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and taking into consideration the mechanism of virulence in wyloe
Agrobacterium a list of important factors affecting efficiency was maBwg(re4-3)
and modifications to this starting method gained from these insights were tested in

order to optimise the method.
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(> T-strand (ssT-DNA)
()®@® Protein-coated T-complex

‘ vir encoded T-pilus subunit

vir encoded 2-
component system

vir operons
Q  othervirencoded
0 A\ proteins

vir induction signal

«> T-DNA region

Figure 4-2 Summary of the steps involved inAgrobacteriummediated
transformation of microalg&. Shown is thanechanism of the transformation of a host cell
nucleus using a domesticategrobacteriumstrain containing a disarmed helper plasmid
(HP) and an appropriate binary vector (BN5ome chromosomal genes and a virulenags (
gene encoded 2omponent system (khape$ detect signals such as low pH (pH6)5
presence of sugars (e.g. Glc, glucose) and phenolics (e.g. AS, acetosyringone). The system
propagates the signal to induce various otlargenegoperons on the HPwhich produce
proteins essential for infectiofsee symbol legend®. Agrobacteriumattaches irreversibly
to the host cell wall, causing host cell aggregation. At the cel| pdlgpelV Secretory System
T-Pilusis formed facilitated by morevir-encoded products3. Meanwhie, othervir proteins
facilitate the creation of the -Btrand, a ssDNA copy of theDNA region on the BV
(highlighted segment) as defined by the left border (LB) and right border (RB) DNA sequences.
4.Virproteins guide the Btrand through the Fpiluswhere it becomes associated with other
vir proteins to form a proteircoated Tcomplex 5. The Fcomplex moves to the host nucleus
viathe interaction of host andsir-encoded factors, where it then randomly integrates into

the host genome (unlesangineered otherwise).
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Step Considerations
Agrobacterium strain e _ _
with binary vector » Binary vector choice
= containing GOI(s) and B . Selectable marker and/or reporter choice
selectable markers L Agrobacterium strain choice

‘ / Duration

Temperature (must be <28 °C for Agrobacterium)
A Algbae tam'i e +  Media: solid/liquid, minimal/rich, pH, AS presence
@ g::-c:‘;tj:;usm « Extra algal cell preparation e.g. protoplasts, abrasion
\. Algal life-cycle stage (if applicable)

/

vir gene Phgr)olic and sugar choice, concentration
+ * pH5- induction +  Acidic pH 5-6
* Sugar & When: separate step and/or pre- or co- incubation media

|

Ratio of algae to Agrobacterium cells

Co-incubation  p) * Duration
+ Conditions: Temperature, Light/Dark

‘., +  Media: solid/liquid, minimal/rich, pH
* Presence of inducer e.g. AS

J

Elimination of Agrobacterium (cefotaxime, 500 yg/ml)

Optional non-selective recovery step

« Selection conditions and validation of transformants

»A * Molecular analysis of integration pattern (southern, PCR)
« Maintenance of transformants (selective/non-selective)

Algae recovery
and/or selection :> .

Figure 4-3 Summary of steps and points for consideration for development of
Agrobacteriummediated transformation of microalgaeCritical parameters are underlined.

AS: acetosyringone

4.1.5 Aims and objectives of chapter

In this chapter the aim is to find and test a suitable method for transforming
the nuclear genome df.sorokinianaJTEX 1230. This fits into the overall aims of the
thesis because transgene expression is required to complete the ohéegPUFA

pathway for proofof-concept production of these high value oils.

This chapter describesirgtly preliminary trials of electoporation and
Agrobacteriumamediated transformationwhich highlighted the issue o$election
problemsand false positives. Subsequently, in order to improve selection efficacy,
assays of wildype antibiotic sensitivity were carried out. The chapter fieshvith a
focus on the preferred method &grobacteriumamediated transformation and tests

modifications made to the original protocol based on the factors discussed above.
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4.2 Investigations into nuclear transformation Gf. sorokinianaby

electroporation

4.2.1 Experimental parameters and conditions tested

In order to assess the transformation©fsorokinianay electroporationthe
test plasmid RbleC23Figure4-1) was usd (Hiegle, 2014)The key parameters in
electroporation are the electric field intensity, pulse duration, and number of pulses
(Coll, 2006) Also, the electroporation medium carave an effect, especially the
presence of sugars, such as sucrose, to maintain osmol@iy, 2006) In this
experiment the electroporation buffer used was TAP + 40 mM sucrose which is
commonly used in the literaturgColl, 2006; Yamano et al., 20ABd in a commercial
kit (GeneArt Chlamydomonas Engineering Kit, Invitrogen). Theragecation
settings (see sectioR.7.2 were partly based on literature values (reviewed@oll,
2006) and those recommended for fungal electraption instruction manual for the

BioRad GenePulser XCell machine.

The linearization state of the DNA and cell concentration also vary between
protocols and were the chosen parameters to test in this experiment. For DNA
linearization state this was testeds circular plasmid or a single cut to linearize the
whole plasmid in the backbone. In order to test cell concentration (and hence the
DNA:cell ratio) the amount of DNA in the cuvette was fixed agig2 but cell

concentration varied from 1o 10 cellgml. (Table4-1).

Cell No. cells in
concentration | 300ul
(cells/ml) cuvette
10° 3x10°

108 3x 10/

100 3x10°

Table4-1 Cell concentrations for testing electroporation @&.sorokiniana

After electroporation and recovery, cells were plated on selective media
(G418 100ug/ml) apart from the control reactions containing no DNA where the

recovered culture was split in half for plating additionally in 1setective conditions
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in order to assess cell viability. This means for the control cultures there is half as
many cells o each plate which needs to be considered when doing comparisons with

the other conditions.
4.2.2 High level of background hinders selection of putative transformants

For the highest cell concentration (1 10° cells/ml), no colonies were
observed for any DN#pes or on the positive control (no antibiotics) suggesting cells
(Table4-2) suggesting cells at this concentration are unable to survive the shock of
electroporation. An observation during the electroporation process was that the
cuvettes with the highest cellcongell NI G A2y G6SNB Y2NB fA]Sft e
positive control (no DNA, no antibiotics), 1400 CFU were formed whanl®
cells/ml was used, and 17 CFU were formed whei @ cells/ml cuvette were used.
This is a two orders of magnitude reductimnCFU from a two orders of magnitude
reduction in cuvette cell density which shows that at these concentrations cell
viability is similar, in contrast to the highest cell concentration where viability is zero
(Table4-2).

On the selective plates, there were fewer colonies than on the-selactive
positive control plates, with the exception of the linear DNA condition &ta&ls/ml.
However, the presence of lagiumbers of colonies on the negative controls (no DNA
added to electroporation cuvette) shows the high level of background resistance to
the antibiotic at the concentration of 100 pg/miidble4-2). The only electroporation
conditions which produced more colonies than the negative control is linear DNA at
100StfakyYtf GAGK dunnn O2f2yASa O2YLI NBR
5b! Q LI I GS® ¢ KG& cellsyfr@nibsleladcBdporatiaizNdadition:siiggest
some of these colonies may be transformants, but due to the level of high
background it was unfeasible to screen for positive transformants so no colonies from
this experiment were selected for furthemalysis. One interesting observation is
GKFG 2y (GKS aStSOGAGS LI I GS&D! 02 NR yRAA)
appear to bleach than for the DN#ontaining condition. This could be indicative of
varying levels of background resistance and satghat the antibiotic takes time to

kill the cells because it is an inhibitor of protein synthesis.
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Selection DNA Cell conc. | No.Colonies day 8 No.Colonies day 23
conditions type (cells/ml)
TAP agar with | Linear | 1x10%° 0 0
G418 at 100 1x10w° 0 0
pg/ml 1x10° ~2000. Varying | >1200. Very varying
sizes, mostly smal| sizes, some are much
pale. larger. About half are
bleached white
1x10° 1, very small 2, very large, dark gree
Circular | 1 x10% 0 0
1x10w 0 0
1x10° ~400. Mostly ~500. Very varying size|
small, pale green | About half are bleacheg
white (dead).
1x10° 0 0
No DNA| 1 x 10 0 0
1x10° ~800, most very | ~900, very varying size
small, pale green | The majority are
bleached white
1x10° 2, very small 2, verylarge, dark green
No cells 0 0
TAP agar with | No DNA| 1 x 10 0 0
no antibiotics 1x10° ~1400, dark green| ~1400. Very clear, all
varying sizes similar small sizes, dark
green.
1x10° 17, dark green, 17, dark green, large
large
No cells 0 0

Table 4-2 Number of colonies on selective and neselective plates from
electroporation of C.sorokinianain different conditions.DNA digestion and concentration
of cells in the electroporation cuvette weraried. Colonies were counted using OpenCFU

software(Geissmann, 2013)

4.2.3 Discussion

One advantage of electroporation is that it may be quicker than the
Agrobacteriumamediated method (which takes over 2 weeks to complete the
procedure). Stable nuclear transformation within tl&hlorellagenus has been
reported previouslyBai et al., 2013; Chen et al., 2001; Chow and Tung, 1999; Gomma
et al., 2015; Hsieh et al., 2012; Huang et al., 2006; Koo et al., 2013; Liu et al., 2014b;
Zhang et al., 2014hough some studies report only transient expressiptaruyama
et al., 1994; Niu et al., 2011; Wang et al., 2007, 20dduding in someChlorella
sorokinianastrains(Hawkins and Nakamura, 1999; Miller et al., 19%#)wever, the

160



Chapter 4

protocols vary greatly in aspects such as cell growth phase, cell condition
(protoplast/whole cell), cell to DNA concentration, DNA type (linear/circular),
recovery steps, buffers, washes, voltage and resistance and the reasoning or full
details of these paramnters is not always clearly explained. It is also clear that

parameters need to be optimised for each species.

A set of conditions based on the literature and other advice was used as a
starting point for electroporation inChlorellasorokinianaUTEX 123Qwith the
intention of narrowing down on optimal conditions. In the experiment the type of
DNA (circular or linear) and the concentration of cells in the cuvette was tested.
Although colonies were obtained on some antibiotic selection plates, this was not
consistent and often equivalent numbers were also found on the negative control
plates. There were also problems with cuvette arcing. Although to draw any firm
conclusions this experiment would need to be repeated with optimised selection, it
did potentialy provide a useful starting point for future tests in that a cell
concentration of 18cells/ml and linear DNA were able to produce more colonies

than the negative control.

In addition to the problems with selection in this experiment, another issue
could have been that the cells used for electroporation had an intact cell wall. For
many algal species, cells are treated with enzymes to degrade the cell wall,-or cell
wall-less mutants are used. There are limited reports on those with an intact cell wall,
and they require a more complicated pulse protog@angl et al., 2015)If this
experiment were to be repeated, the enzymatic treatment would be recommended.
Additionally, the specific parameters such as pulse length, type and resistance should
be assayed. Despite this method roing pursued further in this work, it is certainly
much simpler and quicker thafigrobacteriumramediated transformation (though it
requires more DNA and specialist equipment) and is worthwhile pursuing for this

reason.

Another issue it that the large sipéthe RbleC23 plasmid used may make the
procedure more inefficien{Stevens and Purton, 1997n future work it could be

beneficial to either use a smaller plasmid or to excise the specific cassette region and

161



Chapter 4

use only this in the DNA mixture. This approach Id¢doalso avoid unwanted
integration of parts of the plasmid backbone which although may have no phenotypic
effect are undesirable as they are an uncharacterised impact which could undermine
the precision of genetic engineering and raise problems in indu§tayrier DNA is
also sometimes used in some protocols but is not essential so it was not included
here, as it may also result in some unknown integration of foreign material into the

host genome.

4.3 Initial test of nuclear transformation @hlorellasorokinana using

Agrobacteriurrmediatedtransformation

Although electroporation may have promise as a technique, the majority of
work in this chapter focuses oAgrobacteriummediated transformation due its

previous success in many algal species includirgpokiniana(Hiegle, 2014)
4.3.1 Test construct and initial method

The test construct used in these initial Agrobacteriummediated
transformations was RbleC2Bigure4-1). The initial protocol developed previously
is summarised ifrigure4-12 (Hiegle, 2014)The protocokonsists of cancubatingof
binary-vector containingAgrobacterium(strain EHALO5) with algal cells on solid
mediafor 2 days in the dark at 25 {Eigure4-12). Twenty million log phase algal cells
are preincubated in the light at 25 °C for 1 day on solid TAP agar supplemented with
acetosyringoneto 100 pM. Agrobacteriumis cultivated overnight in rich YENB
medium then supplemented with 15M acetosyringondor 2 hours beforeadding
200upl of this culture b the preincubated algal cells for éacubation. After recovery
of algal cells overnight in TP with 26@/ml carbencillin, selection is carried out in
two parallel streams: liquid selection followed by solid selection (LSS), or just direct
solid selection (dSS). For LSS, 130 million recovered algal cells were incubated in a
100 ml shake flask containing 50 ml TAP saipeinted with 50ug/ml G418 and 250
pg/ml carbenicillin until the cultures start to turn obviously green in colour. At this
point 1.5 ml of the selective culture is plated out using soft agar overlay onto three

TAP agar plates supplemented with G418 (350 ug/ml), carbenicillin (50Qug/ml)
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and cefotaxime (50Qug/ml). The latter two antibiotics are to eliminate residual
Agrobacterium For dSS, ~90 million cells from the recovery culture were plated per
plate using soft agar overlay onto solid TAP contaithegsame antibiotics as above
(Figure4-12).

4.3.2 Selection conditions result in high background and a large proportion of putative

transformants are lost upon subculture

A trial of the transformation was performed as neconsecutive duplicates
Selection plates wer&418 concentrations of 350, 400 and 459ml (G350, G400
and G450) For the first transformation, no colonies were observed on dSS plates
even after 32 daysicubation. For the second transformation, dSS was not carried
out. For both transformations, a LSS positive control plate containing no antibiotic

was also included for both transformations and lawns were visible within 2 days.

In the first transformationthe liquid selection step of LSS greened after 10
days, but so did the negative contr@giegative control is cincubation performed
with wild-type Agrobacteriun). Despite this, the cultures were still plated out and
were checked at 7 and 22 days. Theras a lawn after 7 days on all RbleC23 plates
though on the G450 plate this was restricted to one edge of the plate. At 22 days
large, dark green colonies were visible on RbleC23 G450 and the negative control
(only plated at G350), though tlgavere less nmerous compared to RbleC23. No
large colonies were visible on the G350 or G400 RbleC23 plates, but the lawns were
still visible though they appeared slightly faded in colour indicating some bleaching

and cell death.

For the second transformation, halféhnumber of cells were added to the
liquid selection step of LSS (65 million cells per flask instead of 130 million cells). The
liquid culturesgreened within5 daysand the subsequent LSS plates were checked
after 20 days. A partial law(not covering thewhole plate)was visible on G350
concentration. On G400 and G450 hundreds of dark green single colonies of varying

sizes were visible but with fewer on the G450 plate.
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Colonies from LSS plates of both transformations were picked for further
propagation m G450 plates with 50Qug/ml carbenicillin to continue to ensure
Agrobacteriumhad been eliminated. 738 % of picked colonies died upon the first
propagation round but after that they all survivetiable4-3). Of those that survived,
all were from the G450 plate except for orfeom the G350 plate andne from the
negative control plate of the first transformation. This suggests that at the lower
concentrations of theantibiotic there could have been spontaneous resistance to
that concentration only, or if they were real transformants then expression was very

low.

After three rounds of selective propagation, putative transformanigere
maintained e plain TAP with no dibiotics. Phenotypic tests on both expression
casettes were performed after the thirggropagation had grown and are described

in the next section.

Transfor | Number ofcolonies picked | Survival propagation 1 Survival
mation | and from which plates propagation
2 onwards
G350 | G400 | G450 | -ve | G350| G400 | G450 | -ve All
First 3 3 28 2 1 0 7 1 Unchanged
Second | 3 3 32 0 0 0 8 0 Unchanged

Table 4-3 Survival of colonies picked from selective plates of a test of
Agrobacteriummediated transformation ofChlorellasorokinianaUTEX12305election was
on G418 at 350, 40@nd 450ug/ml and propagation was at 45@/ml.

4.3.3 Spot tests show that putative transformants have increased resistance to the

reporter antibiotic, tkough an escape mutant also thrives

Spot tests were performed using cells grown from the third propagation plate
after 14 days incubation. Spot tests were performed both on the selectable marker
G418, and the reporter marker zeociells werenot exposedo the reporter marker
zeocin before thisso hadfaced no previouspressureto form resistance Using a
pipette tip, a small amount of cells were inoculated into 1 ml 1sefective TAP
medium in a 2 ml tube and incubated at 24 hours in the light 22320 rpmThree

five-fold serial dilutions were conducted antD ul of each dilutionplus 10 pl
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undiluted culturewas spotted onto plates contaimg eitherno antibiotics, G418 at
450ug/ml, Zeocirm at 250pg/ml 2 NJ ¥ S& I3BAug/ml. Plates were incudted in
the light at 25°C for 13 days beforeeing photographed

All cells grew on the no antibiotic control but the cell concentrations are
noticeably smaller for some colonies, highlighting one disadvantage of this method
and the importance of comparinipe results to tke positive control. The wikdype
also grew to higher cell density than any of the putative transformants, a lawn
forming even at the most dilute spot compared to individual colonies for the others
(Figure4-4x FANRG O2fdzyYy ac¢!t 0@

All putative transformants had more G418 resistance than the-wype,
which did not grow on any platéd-igure4-4, G450). However, the colony isolated
from the negative control transformation plate also grew at this G418 concentration
suggesting spontaneous resistance is possible. Though as seen in the fourth dilution,
the growth is atenuated comparedd the positive control on TARithout antibiotics.
Putative transformants which appear not to show attenuated growth on G450
include 1a, 2c, 1b, 1c, 1e, 1f and 1g (six from the first transformation including one

from the G350 plate, andne from the second transformation).
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Figure4-4 Spot tests of putative transformants aChlorellasorokinianaUTEXL230
using G418 and zeociiThe spots wereonductedas four 5 serial dilutions in left toight
or top to bottom direction on each plate. The wifde LJS ¢l a &aLR 4GSR 2y SI OK LIX
blue). A single colony isolated from a negative control plate of one transformation was
Ay Of dzRISERE oMy ONB RO @ ¢ KS 2 (0 KS NJh&daaingatioh tNgdgy € 6 St f SR
were from (1 or 2) followed by an ID letter-i@ The first plate (TAP) is the positive control
containing no antibiotics. The other plates are G418 at 450 pg/ml (G450), and zeocin at 250
pg/ml or 350 pg/ml (2250 and z350 respectigelill putative transformants were isolated by
selection of colonies from G418 and 450 pg/ml except * which was isolated from a plate at
G418 at 350 pg/ml. All putative transformants and the negative isolate have survived

propagation for 3 rounds on G488 450 pg/ml.

None of the cells had been exposed to zeocin prior to these spot tests so
resistance could not have accumulated over multiple rounds of streaking. At the
highest two serial dilutions for the wild type, and the highest three dilutions for the
negative colony, growth was seen on zeocin at 2fMml suggesting that this
concentration of zeocin is not an adequate concentration for testing the expression

of the ble cassette as it cannot kill the wiltgipe, or there were too many cells per
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plate (se sectiond.4). However, as seen in the dilutions, the wiyghe was of much
higher cell concentration as the spot is a lawn on the no antibiotic plate compared to
single colonies with the other transformantand in this particular spot test cell
number was not strictly controlledt could be that the appearance of colonies on the
zeocin in wiletype is due to the higher cell concentration. Though this would not
explain growth of the negative isolate colony thoughce cell concentrations were
comparable to the others. Of the putative transformants listed above whose growth
was not attenuated on G418, only 2c and 1b show growth on zeocin at 350 pg/ml,
and this ionly small colonies from the least dilute spot. Transformant 2c in particular
also performs well at the z250 concentration with almost no attenuation of growth

compared to the other putative transformants.
4.4 Antibiotic sensitivity tests for optimisations#lection conditions

In order to reduce background spontaneous resistance colamigshysical
survivors(where the top cells on a colony are exposed to less antibiotic than those
on the bottom)which were prevalent in the test transformations, tests wdmmne to
assess the adequate concentration of G418 to reliably kill the wild fgators which
may affect this were tested including seed growth phase, soft agar use, cell number
and the use of cells prmcubated on solid agar rather than liquid cultuFar zeocin,
optimisation of the condition sufficient to kill the wHipe in phenotypic spot tests

was assessed.
4.4.1 G418
4.4.1.1 Effect of different seed quality

In the followingexperimentcells from seed cultures in two different growth
phases, late log and latgtationary phase, were used. Colonies appeared in both
seeds up to G300 after30 days incubation Higure 4-5A). Although the late
stationary phase had more colonies the G200 plate, it had none on G300 like the
late log plates, and there are no obvious differences between these two conditions.
There was a visible bleaching of the lawns for all antibiotic concentrations. Colonies

which do appear tend to appear in aewhere there is increased cell number due to
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uneven plating. In the second test a late log phase culture was plated between 300
400 pg/ml G418 and no growth was observed on any platgure4-5B). It was
decided to use 35@g/ml in further tests because at G300 some colonies appeared

but at G400 some low expressing putative transformants may not be detected.

Figure 4-5 Growth of wild-type Chlorellasorokiniana UTEX1230 from different
growth phases on increasing concentrations of G418 antibiotic (See figure
opposite/ahead. A: Concentrations top row left to right are 0, 50, 100, 200, bottom row left
to right are 300400 and 50Qug/ml. B: Concentrations top row left to right are 0, 300, 325,
bottom row left to right are 350, 375 and 4p@/ml. 100 million cells were plated from either

a late log phase of late stationary phase liquid culture.
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.. Incubation | Seed type Growth
| (days)

Colonies visible
up to G300,
smaller at
higher
concentrations

Late log

Colonies visible
up to G300,
large. Small and
large at G100.

Colonies visible
up to G200,
small

Late

stationary

Colonies visible
up to G300,
small. Small and
large at G200.

Incubation Seed type Growth
(days)
19 Late log No colonies visible on
any concentration
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4.4.1.2 The efficacy of thantibiotic is affected by the number of cells plated.

In order to efficiently test a range of cell number to antibiotic ratios, serially
diluted spot tests on G350 were also carried out. The seed culture was a stationary
phase liquid culture and was condested so that an undiluted 1l spot contained
7 million cells. It appears that across all cell concentrations no growth is seen after 5
days Figure4-6) and that @18 at 35Qug/ml is a suitable concentration to use.
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Figure4-6 Spot tests ofwild-type ChlorellasorokinianaUTEX1230 on G418 at 350
pug/ml after 5 days growth.The spot order on each plate was randomided the two
replicates (left and right). The top plate in each replicate is TAP agar with no antibiotics as a
positive control. The bottom plate contains G418 at 3&0ml. The wildtype culture was

serially diluted by a factor #&n, and some concentrations were also dilutechlvp andfour

as specified.
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Different cell numbers were also tested on a whole plate. As discussed later,
plating higher cell numbers could avoid havingdtscardparts of the ceincubated
transformation culture, of whiclthere are many cells. However, there is a balance
between plating more cells and the level of antibiotic needed becoming unrealistic.
The concentration used here was 3af/ml as it was determined to badequate

over a large cell concentration in the spot tests above.

For the whole plate tests, 50 million and 250 million cells were plated over
different G418 concentrations. The seed cells were incubated on solid media to
ensure the seed train used wasetBame as that used in transformation experiments
rather than using liquid seed cultures since duriAgrobacteriuramediated
transformation, the C. sorokinianacells are grown on solid media during-co
incubation. After three days growth, no single colonig® visible for either
concentration, instead there is a lawn oflisavhich has visibly bleached(adicator
of death)at both cell concentrations but more pronounced in the 50 million cells
plate. Additionally, the bleaching is more pronounced at Bigtoncentrations of the
antibiotic Figure4-7). By thesixth day of incubation, the lawns have died back
enough to allow single colonies to be visible. For the 2@0om cells plate, large
numbers of colonies are visible up to G300, and there is a single colony in a dense
spot on the G350 plate. For the 50 million cells pitgere are numerous coloas
on the G200 plate, and sontmrely visible colonies on the G2plate. There are no
cells at the higher concentrations. After 13 days incubation the colonies are much
more pronounced at both cell concentrations. For the 200 million cells per plate there
are colonies up to G350 concentration suggesting that thisasmany cells to plate.

For the 50 million cells plate, there are only colonies up to G250 concentration, with
none on G300 or G33Bigure4-7. Using OpenCFU colony obing software, there
were ~600 colonies at G250 for 250 million cells but only 30 for 50 million cells. For
only five times more cells per plate there is 20 times more colonies at the same
antibiotic concentration, showing that the relationship betweenlcaumber and

antibiotic concentration is not linear in this case.
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Number of cells per plate

50 million 250 million

Days
growth

13

Figure4-7 Growth of wild-type ChlorellasorokinianaUTEX 1230 over time plated
at two different concentrations on G418 he G418 concentrations top row from left to right

are 0, 100, 200, and bottom row 250, 300 and Bg0mI respectively.

4.4.1.3 Soft agaplating reduces spontaneous colonies

As a result ofcolonies occurring in areas bigh cellconcentration when
plated usinga spreader (for exampl&igure4-7), the use of soft agar was tested to
allow for more even distribution of cells and to avoid areas on the plate of particularly
high cell density. The effect of soft agar was tested using 100 million cells per plate
since 50 million cells in the above test was successfully killed and it is desirable to

select the most cells at once from the transformation method as discussed later.
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Fgure 4-8 C.sorokinianaUTEXL230 wildtype growth over time on G418 antibiotic

plates on soft and hard agaihere were 100 million cells plated per plate.

The only antibiotic concentration which did ngiroduce spontaneous
mutants was G350Hgure 4-8). For the other conditions, thesmutant colonies
appearedonly after 12 days, suggesting that the antibiotic may d@roming less
effective over timeor that it is just retarding growth. Therefori,is better to ensure
colonies are picked before this time in transformations. When comparing direct
plating vs soft agar at G250, it is clear that direct plating resuli:any more
spontaneous colonies from a much earlier time, and it can be seen that these occur
mostly in areas of the plate where cell concentration was highest due to uneven
spreading with a plate spreadarich encourages physical survivorfierefore, iis
best to use soft agar because it enables cells to be distributed evamiy

encapsulates the whole cell.
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4.4.2 Determining an appropriat€eocinconcentration to eliminate wiltype C.

sorokiniana
4.4.2.1 Spot tests

Zeocin is used as the reporter antibiotic anah@ used for direct selection
but knowledge of the appropriate level required to kill wilgoe C.sorokinianacells
is still needed since this is how it would be assapqoutative transformants. In this
test, the dilutions for each spot were calculatsg that they corresponded to
different total plating densities, starting with the most concentrated spot being
plated from a cell suspension at a concentration of 2.5 %cgls/ml (2.5 x 10cells
per 10 pl spot) which is equivalent to 5 x®I@lls per200 pl plating volume. The
monitoring of spots on different concentrations of zeocin over time is showigire
4-9. These tests show that the spots take severakdaybleach, but any colonies are
visible by day 9. Zeocin at a concentration of 300 pg/ml is adequate to kitypitd
cells, as seen by the bleaching of the spots compared to the no zeocin control plate.
A single colongppearing on tk third spot of tke top row in 300 day 9s due to a
human error Additionally, there is a dark ring around the highest cell density spot
which may be cells surviving and shows that the lower plating densities are more
suitable. All other zeocin concentrations show sevesgbntaneous colonies

occurring in the spots at all cell densities so would be unsuitable in these tests.
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Figure 4-9 Spot tests of wild type C. sorokiniana UTEX1230 on different
concentrations of antibioticzeocin.Thetwo rows of spots were duplicated for each plate to
give a total ofour rows. The number of cells per ilspot for the first row going left to right
are 25x 1P, 10x 10°, 5x 10°, and 2.5x 10°. For the second row of spots it isX 8erid
dilutions starting at 2.5 1C° cells per spot. For the image from three days, there are black

dots indicating the approximate middle of the spot.

4.4.3 Testing zeocin and G418 in liquid media

Liquid selection was a part of the initial transformation protodevised in
the lab(Hiegle, 2014)and although this step was removed in the modified method,
it is still useful to confirm the antibiotic concentration required to stop viigde
growth. Sincesome antibiotics are sensitive to light, this test was performed in both
the light and the darkTo test multiple concentrations at ondke testwas performed
in 12 well plates inoculated with equal numbers of cells from a suspension made
directly from cdls of an agar plate stock. In each 1 ml well there were 21 cells

and they were incubatedith shakingat 120 rpm in the light.

The plates were monitored by imaging them over tinkeg(re 4-10) and
although the cultures appear paler in the dark incubation plate, the pattern of growth
shows no observable differences between light and dark suggesting in this case light
was not affeding the performance of the antibiotic. Zeocin prohibited growthGof

sorokinianaonly at a concentration of 50 pg/ml until 6 days when the wells of both
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light and dark began to show growth. This suggests a higher concentration is needed
as cells may be &b to persist at a minimal level until the level of antibiotic has
degradedto a low enough concentration or is indicative that at this concentration
the antibiotic only slows growth. Alternatively, some single cells may have undergone
adaptation and hencdave a longer lag phase since their starting concentration
would be low For G418, 30 pug/ml was adequate to prevent growth over the 11 days.
At 10 pg/ml, growth was only prevented up to the tenth day, presumably because
again the cells were able to persisiinimally until the antibiotic had degraded
enough for them to grow. This selection in 12 well plates could be a useful tool for
growing multiple transformants at once and assaying the strength of their antibiotic

resistance if comparisons between diféet promoters are to be done.
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Figure 4-10 Growth of wildtype C. sorokiniana in smaltlscale liquid media
containing antibiotics G418 or zeocioncentrations are shown. Equal numbers of a cells

from a suspnsion made straight from an agar plate stock were added to each well.

4.5 Testing a colony PCR method@ilorellssorokiniana

A common method for PCR testing of algae includes boiling a large loop of
cells from a plate in Chel@®100 ionexchange resin (BioRad). This resin can chelate
polyvalent metal ions such as magnesium, which are cofactors of DNAses, and the

supernatant can then be used in a PCR reaction (see materials and methods). The
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manufacturer manual for Chelex 100 netats use for removing trace metal
contaminants from biological systems whilst leaving enzymes and other proteins
unaffected. Chelex 100 has been shown to perform better in both PCR reactions and
storage than other lysis buffers such as TE, SDS, EDTAritomd i multiple
microalgae includinghlorellasorokinianaUTEXL230 (Wan et al., 2011)However,
although the Chelekased method is relatively simple, this protocol requires
multiple steps, such aseatrifugation and extraction of supernatants, which are
laborious and take up large amounts of time if multiple colonies need to be screened.
Liu et al. (Liu et al, 2014a)demonstrated a protocol in several algae including
Chlorellasp. which did not require several steps and could be performed in a single
tube by boiling a colony, or cells from liquid culture, directly in the PCR tube in PCR
buffer. Thereforejt was useful to try this protocol witiChlorellasorokinianaUTEX
1230.

Boiling time is important in colony PCR reactions, it needs to be long enough
to facilitate cell lysis but overoiling could cause the DNA to shear. The length of
time needed dependsn the strength of the cell wall and is variable for different
Chlorellasp., one study found that boiling was absolutely necessary for colony PCR in
C.vulgaris but not in others(Packeiser et al., 2013)iuet al. (Liu et al., 2014&also
found in their protocol that the required boiling time varied in the microalgal species
tested between 5 and 20 minutes, with no PCR product at 0 min. Of thealgal
strains tested, three were of th€hlorellagenus (none wereC. sorokiniang and
needed different boiling times of 5 or 10 minutes. For the Chelex method,avaln
(Wan et al., 201 1fpund boiling at 10 min was adequate forsorokinianaJTEX 1230,
which differs from the 5 minutes used in our lab protocol (see materials and
methods). Due to differences between strains, and t@asorokinianawas not one
of those tested by Liet al., (Liu et al., 2014aj was decided to try different boiling

times forC.sorokinianausing the single tube protocol.

Another aspect which can affect a coloRCR procedure is cell number.
Colony sizes can differ greatly, as can the human error in picking colonies off plates.
The authors Waret al. 2011tested algalcell numbers and found the Cheleased
method to be stable over a range of 5 x°16 1.5 x 10 cells being lysed in 50l
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buffer with 1l of reaction productypicallybeing usedor PCR Liuet al. showed
that the PCR reaction worked with a minimum of 5 2 d€lisin their single tube

protocol, but was best with 4 x 1@ 5 x 10.

Since cell number is important, the number Gf sorokinianacells picked
when using a tip was measured by touching the tip to a plate, resuspending the cells
on the tip in 40ul TAP and counting the cells. This wasformedthree times with
different techniques; using a 10 ul tip touching a colony, using a 10 ul tip on a well
grown part of the plate, and using a 20 ul tip touching a well grown part of the plate.
After resuspending in 40 ul the cell count was 26.8 % 19.8 x 10and 13.7 x 19
cells/ml respectively which gives a mean of 20.1 ® 2@.56 x 10 cells/ml. This
corresponds to an average of 8 > the tip (total number of cells in 40 ul). During
a transformation, there will probably be fewer cells than this because the primary

selectioncolonies are often very small.

To test the PCR reaction, the internal transcribed space2 di$he small and
large rRNA genes which is used in phylogenies and identification of microalgal strains
was amplified(Hall et al., 2010; Liu et al., 2014a&he Chelex protocol described in
the Materials and Methods was used as a control, and a band was obtained at ~ 750
bp Figure4-11), as expected since the product should be betweerl®I(Liu et al.,
2014a)

Totest the single tube method, 1 or 2 ul of the resuspended culture was used
as template, which should correspond to ~2.68 £di05.36 x 16cells respectively
and is within the working range shown by &twal. (Liu et al., 2014a)fhe PCR reaction
worked best with the larger cell number, with only a faint band visible at the lower
cell number after 10 minutes boiling time and no band after 20 minutes boiling t
(Figure4-11). Interestingly, although all studies specify that boiling is essential for
Chlorellasp. as discussed above, it appears that no-podling was necgsary here,
as the unboiled sample gave the strongest bafidre4-11). It could be that the 30
seconds initial denaturation at the start of the reaction was enotmlyse the cells
and that at higher temperatures the DNA sheared. No PCR band is observed after

boiling after 10 or 30 minutes, however a band at the same size is seen after 20
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minutes boiling. Despite the unclear results with boiling time, it is clegtrtths single
tube protocol from Liwet al (Liu et al., 2014as a suitable method for use witG.
sorokinianaUTEX 1230 and could be a useful tool for sarggemigh numbers of
colonies. However, it should be noted that the primers usedeathe 1T, of which
there are multiple copies. Therefore, more template may be needed for

transformants where there is likely to be just a single copy of a transgene.

Using Single Tube protocol in HF buffer

Hoels o - 53.6x10° 26.8 x 10° Using Chelex
reaction T
Boiling time L . protocol
(min) 0 ‘ 10 ‘ 20 ‘ 30 | 10 ‘ 20 W ve
Size T .
(bp) ize
(bp)
1000
1000
500

Figure4-11 Testing different numbers of cells and boiling times on a PCR protocol

for Chlorellasorokiniana L: Ladder (Thermo GeneRuler DNA Ladder Mixjo template.

4.6 Testing modifications to th&grobateriumtransformation method in

an attempt to improve efficiency

The large loss in putative transformants in test transformatians high
backgrounccould have been due to a combination of inadequate antibiotic selection
conditions and the transformatiomethod being inefficient. In order to improve the
likelihood of obtaining real transformant colonies, efforts were made to explore
which parts of the method could be improved to increase the efficiency. An
examination of the literature showed many aspeotghe protocol which can affect
the outcome (see introductionFigure 4-3 and appendix tablg including pre
culturing conditions, induction of virulence Agrobacerium, co-culturing conditions

and algal recovery. In addition, the number of &lgglls after ceincubation must be
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considered, as there is a limit to the cell number at the optimised antibiotic
concentration as shown in secti@gh4. Therefore, if there are too many algal cells at
the end of the procedure then it is impractical to plate them all out and some culture

is discarded which means true efficiency is notained.

The modifications made to the method tested are discussed in turn below and
include Figure4-12):

1. A decreasein the number of algal cells plated out in picubation
and the removal of the recovery step before selection

2. Alternate growth conditions folAgrobacteriumto further enhance
virulence induction

3. Altering the ratio ofAgrobacteriunto algal cells during emcubation

4. Performing direct solid selection only (removatloé liquid selection)
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Step

Original method

Modifications

Agrobacterium
pre-culture

Overnight 28 °C in
YENB (rich media)

Unchanged

Agrobacterium
virulence
induction

Addition of 100 uM
acetosyringone to
pre-incubation
culture two hours
before coincubation

1 day at room
temperature in AB
minimal medium pH
5.5 containing 0.5%
glucose and 100 uM
acetosyringone

+ Algae pre-

culture

20 million cells from
log-phase liquid
culture plated on
solid TAP agar
containing 150 pM
acetosyringone

1 day, light, 25 °C

Unchanged except 5
million cells

Co-incubation

Agrobacterium OD
600=1
Dark, 2 days, 25 °C

Unchanged but
Agrobacterium OD
600=5

Recovery

Overnight in liquid
TP medium, light, 25
°C, shaking

Step not included

Selection

1. Direct solid
selection

2. Liquid selection
then solid
selection

Direct solid selection
only

Figure 4-12 Summary of

transformation method. The initial method is from(Hiegle, 2014) Justification for the

modifications is discussed in the text.

initial

and modifid Agrobacteriummediated

4.6.1 Reducing the number of algal cells ge firactical for selection

As tested in the antibiotic sensitivity sectioh4), there is a finite number of
cells that can be plated per selective G418 plateeothise there is increased
background, and from the conditions tested this was 100 million cells on a
concentration of 35Qug/ml. In the original protocol, by the end of the -eacubation
and overnight recovery, there were so many algal cells that a langgop of the
culture had to be discarded before selection because it is impractical to plate it all
out, hence many putative transformants are potentially lost. In one run of the original
protocol, after recovery there was a total of x80° cells. Of these cells, 130 million
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were used for liquid selection in 50 i medium of which 1.5 ml is plated out for
colony isolation. This means only ~7 % of the recovery culture was used for liquid
selection, and of this liquid culture only 3 % wéstgd out. For direct solid selection,
~90 million cells were used per plate which only represents 5f ¥heorecovery
culture. Selection tests on all the recovery culture wduddmpractical. For example,
using the above numbers as an example, it woaljlire a total of 13 liquid selection
cultures, each requiring 30 plates for colony isolation. For direct solid selection, a
total of 20 plates would be needed. To scale this up, for example if testing a library
of parts, then this rapidly becomes unfedsiland in reality, only one or two selective
plates per transformation are used, which means only ~5 % of the origiral co

incubation culture is selected, and the rest is discarded.

Therefore, reducing the number of algal cells by the end of the procedure
would be beneficiato reduce the number of false positiveghis was considered in
two ways, by reducing the initial number of algal cells atipceibation, and removal
of the overnight recovery step as detailed below. The number of algal cells plated o
the preiincubation plate was reduced from 20 million to 5 million. 5 million cells at
pre-incubation was used successfully in a publisGadulgaristransformation using
Agrobacterium(Cha et al., 2012; Sharif et al., 201Bf)e recovery step was removed
because it unnecessarily increased the cell number, despite using the autotrophic
medium TP in whick.sorokinianagrows slowly. Also, the purpose of a recovery is
to allow cells to begin to express the transformed genes and accumulate the
transgenic produgctbut the algal cells have time over the course of thenmmbation
to begin this expression. In the literature it has been found that the recovery step is
not needed, and in some cases even reduced transformation effic{®wsytor et al.,

2014; UbedaMinguez et al., 2015)

The effect of reducing the number of algal cells at-pr@ibation and
removing the overnight recovery step was measiitby counting cells at various
stages during the protocol. From the 5 million initial cells plated, there were 46
million cells after prancubation, which is an increase@pP-fold. After ceincubation,

a mean celtount of three plates was 1024 millies- 85 million (standard deviation)
which is a further increasef ~22fold. By plating 100 million cells on selective media,
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each plate contains ~10 % of the population, double the amount from the original
protocol. However, even with these modificatioitsstill requires ten plates per

construct which is still not ideal for multiple transformations. To further increase the
population of cells able to be plated out, more concentrated antibiotic selection

conditions would need to be tested.
4.6.2 Transformationsvith extraAgrobacteriunvirulence induction steps

Virulence induction is a crucial part of thgrobacteriuminfection cycle
where the cell prepares itself to undergo host attachment and build the components
required for transfer and integration of theDNA in the host nucleus, and it is tightly
regulated due to the considerable effort required by the cell (see seetibrtand
Figure 4-2). Therefore, adequate induction is important to consider in microalgal

transformation protocols.

Many microalgal protocols simply use supplementatiom\gfobacteriumor
algal growth medium with the phenolic compound acetosyringone, typically at 100
150 uM. However, the use of acetosyringone alone without other synergistic factors
such as acidic pH of 5.5, is supposedly ineffective and a common mistake even in
some plat protocols (Gelvin, 2006) Indeed, examination of thégrobacterium
infection medianism (see introduction) shows that multiple induction factors are
required. Also, a recent studgvolvingC reinhardtii(Mini et al., 2018¥found that
they could not replicate the original version of tAgrobacteriuramediated protocol
for C reinhardtii(Kumar et al., 2004)which does not contain a separate virulence
induction ste. They were also unable to replicate a modified version with reportedly
higher efficiency which included an induction step for 4 h@Bratheesh et al., 2014)
Instead Miniet al2018had to develop a new protocol with a much longer virulence
induction period based oGelviQ & N{&E&INNADOG)Since the initial protocol
only partially includedsirulence induction by the apparently ineffective strategy of
adding acetosytringone to rich media, it was decided to introduce a modification
based on both Minet al2018and Pratheeslet al 2014 The difference in virulence

induction is summarised iRigure4-12.
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The new virulence induction method involved preubation of cells in rich
medium followed by resuspension, and incubation for@irs in acidic minimal AB
mediumcontaining acetosyringonat room temperature rather than 28 °C which is
supposed talsoaid virulence inductioiGelvin, 2006; Wise et al., 2008)ue to very
slow cell growth in the induced cultures overnighigure4-13), the induced cultures
were subcultured into new rich media overnight antthe OD at 600 nm was
monitored for an increase as an indicatoragl viability, sinceells must be alive to
infect the host organism. In this overnight growth experiment, the-sulbured,
induced cells grew as well as the positive control which was a single colony inoculated
into the same growth mediuniThese cells were grown in the prese of 50 ug/mi
kanamycin; resistance to which is conferred by the resistance gene on the binary

vector. This confirms that this vector (which also contains H#HENR), is still present

in the cells
3
2.5 A
E 2
c
e
© 15 o
T
S 1
0.5 ~
O _J T I T I T I T I T I T T
Rb 13 14 15 16 Wit Media Colony
Agrobacterium culture
M Beginning of induction After 24 hours induction
After inoculation into rich media After growth overnight in rich media

Figure4-13 Viability of Agrobacteriumstrains after growth in induction medium.
Wt: wild-type Agrobacteriumcultured without antibiotic selection. Media: WUnoculated
growth media600 pl of induced culture was added to 6 ml rich nuedli+ plasmid antibiotics
to test cell viability. As a positive controlfrashsingle colonyrom a plate of strain 18vas

inoculated in to the same meulin.
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Since stressful conditions can apparently cafigeobacteriumsp.to lose its
disarmed helper Ti plasmi(but not the binary vector, which is under antibiotic
selection)which contains the virulence genes for transfection of tHieNA, PCR was
used to confirm the presence of this plasmld Agrobacteriumtumefaciensstrain
EHA150 there is no antibiotic marker forethelperplasmidpTiBoas it is generally
large enough to be stable. Tlehosenprimers have been used in the literature to
confirm the presence of pTiBo by giving a band of 76@0®®eba et al., 2014pnd
PCRcarried out hereresulted in bands with variable strengths at the expected size
gAUK Of2ySa awoé¢ | YR & mRigére4ad). dtAsyuaclear K S
whether the variable band strength is due to the quality of the template DNA, since
another PCR reaction (gel not shown) was attempted using primers for the binary
vector plasmid andjaveno bands despite the cells growing in the presence of the
antibiotic on the binary vector suggesting it must being maintained in the cell.
Further tests on the induced cells would be required to ensure the Ti plasmid is
present, though the succesdfuse of this induction protocol in the literature to

generate microalgal transforman{Mini et al., 2018suggets that it should be.

766 bp

Figure4-14 PCRto confirm presence of the ¥plasmid of cells from cultures of
inducedAgrobacterium Ladder is Thermo GeneRuler DNA Ladder Mix. Rb, 13, 14,15 and 16
are A. tumefaciestransformed with different binary vectors. Wt /& tumefaciensvithout
a binary vector. The template for these reactions is a small amount of liquid culture from
cultures grown in induction medium overnight and concentrated by 3.5 times. 130 template
is a culture of rich media which was inoculated using the induced culture to test viability of
the cells. 13c template is a culture inoculated directly with a colony into rich media. 13p

template is a colony touched from a plate stock into the PCR tube.
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4.6.3 Theratio of Agrobacteriunto algal cells during eincubation

Agrobacteriumsp. must have direct contact with the algal cell wall to
penetrate and deliver the-DNA as discussed ihd htroduction. Therefore, there
must be an adequate number of cells to &athis contact, but not too many that
the A. tumefacien®vergrows and inhibits algal viability. The two ways to alter this
ratio are via the amount of. tumefaciensdded to the cancubation plate and the
amount of algal prencubation. The amount oflgal preincubation has been

discussed previously.

To vary he amount of Agrobacteriumsp. used in ceincubation, 200 pl of
three A. tumefacienscultures were added to the emcubation plae at an Olgyo of
one (the standardconcentration),five or ten. The cells were adjusted to these
concentrations by spinning and resuspending in the required amount of medium. The
number of colonies olained on the selection plates werzerg, eight and zero
respectively indicatingthat the bestA. tumefacienOD wadive. However, due to
the low numbers involved, there is not enough data to determimeether the
differences seen arsignificant. Since the increased amounfofumefacienslid not
seem to inhibit the algal growtthen an OD ofivewas used in futuréransformations

because this condition resulted in the highesimber of colonies.

4.6.4 A lquid selection step is not useful because it is ineffective at removing

background

Although the enrichment of putative transformants using the liquid selection
step was tle only waycolonies were obtained in the test transformationgaple4-3),
there were still a large number of background colonies and theotfieduring
propagation ounds suggests thahanyof these may not be true transformants and
instead became acclimatised to G418 during selection steps. To test the efficacy of
the liquid selection step, a negative control transformation using the same test
protocol as sectiort.3.1was carried out using just witype A. tumefacienscells
during ceincubation, which do not contain any binary vector for transfer of antibiotic

resistance.
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The liquid selection (G418 %@/ml) was carried out for 3 or 5 days before
plating on selective (G418 3%@/ml) and nonselective mediaKigure4-15). At day
3, the culture was not visibly green, but on day 5 it was. Already this suggests that
the G418 concentration in the liquid culture may not have been adequate, although
this disagrees with the result shown in the-d2Il test Figure4-10) where only 30
pug/ml G418 was needed to inhib@. sorokinianagrowth over 11 days, unless the
volume of culture in this test was netalable As seen ifrigure4-15C, some cells are
able to be revived from the-8ay old selective liquid culture when plated on solid
agar containing no antibiotics, suggesting that although the selective liquid culture
was not green after 3 days, there are cells within it that are not killéds could be
because the action of the antibiotic G418 is through protein synthesis inhibition so

needs longer to take effect.

From the plating of the liquid cultures on solid m&dtican be seen that after
liquid selection in G418 at 3@/ ml for 3 days, no colonies are visible on the selective
agar plate Figure4-15B). However, if the selective liquid culture is left to incubate
for 5 days (when it became green), then a lawn of cells is visible on the selective plate
Figure4-15D. This highlights a key disadvantage of the liquid selection in that if one
successfutlone arises then it quickly overtakes the whole culture leading to large
amounts of background colonieprobably originating from only a small number of
truly different strains, on the solid selection plates and hence could hinder
identification of true transformants. Consequently, liquid selection was not included

in further transformations.
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G418 in liquid G418 in Agar plate G418 in liquid
selection selection
None ‘ 350 pg/ml
None 50 pg/ml
3 days LS 3 days LS
50 pg/ml 50 pg/ml
3 days LS 5 days LS

Figure 4-15 Survival of wildtype Chlorella sorokiniana UTEX 1230 after liquid
selection with G418 antibioticLiquid cultures of recovered.sorokinianacells ceincubated
with wild-type A. tumefaciensvere incubatedn the light at 25 °C for-8 days as specified.
Part of the culture was plated on TAP agar containing the specified antibiotics. Plates were

imaged after incubation in the light at 25 °C for 12 day8(and C) or 10 days (D).

4.6.5 Conclusiorg efficiencyremains low and needs to be increased for this to be a

viable method for higthroughput applications

Two transformations were performed using the modified protocol with the
control construct The number of colonies and their survival is showT able4-4.
The efficiency is very low, and some transformants are lost by the second

propagation.
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Transfor | Construct Plate colonies | Survival 1st Survival 2nd
mation (G350 selection)| round (G350) round (G350)
1 RbleC23 (+ve) 8 8 2 (1 strong)
Wt Agro (ve) 1 1 (weak) 0
2 RbleC23 (+ve) 0 - -
Wt Agro (ve) 1 1 nd

Table 4-4 Number and survival of putativeChlorella sorokiniana transformants
obtained using a modifiedAgrobacteriumtransformation protocol. G350 is G418 selection
at 350 pg/ml. RbleC23 is the test construct and wyjige Agrobacteriumcontains the

domesticated Ti plasmid but no Binary Vector.

A high efficiencyransformation protocol is needed for genetic manipulation
of microalgae to be successful. For example, it is often necessary to find a strain
expressing the gene of interest to a high level, which due to the random integration
of this transformation typemay require screening of hundreds of colonies.
Additionally, high colony numbers are needed if any test of promoter strength is
desired in order to get a representative sample. Low transformation efficiency is a
problem in microalgae including for methods of Agrobacteriuramediated
transformation. Coupled with loss of putative transformants over subsequent
propagation cycles it makes it very difficult to make progress in genetic engineering.
Additional tests involving molecular confirmation of each propagatound would
be required to know whether these are loses of true transformants through silencing

or whether they are elimination of false positives.

In this sectionmodifications to the initial protocol were explored. By reducing
the number of algalells at preincubation, and by removing the overnight recovery
step, the amount of transformation culture plated outas doubled. There is still
more room for improvement however and although in the antibiotic test section 350
png/ml G418 was used it woufzerhaps be useful to test selection up to the maximum
manufacturer recommendation of 500 pg/ml. Also, other selection markers could be
considered since there are several as yet untested sorokiniana The addition of
extra virulence steps and increagirthe amount ofAgrobacteriumsp. in the co
culture were also modifications which looked promising. Further work would be

needed to test other factors such as acetosyringone concentratiofinadation
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time, temperature and media. Althoughgrobacteriummediated transformation
shows promise as a lotech (though labour intensive) way of transforming
microalgae, it is hindered by its low efficiency in this work, and although there are
many reports in different algal species (see introduction), the metrmaesdot seem

to be widely adopted over other methods such as biolistic, glass beads and

electroporation.

4.7 Examination of transformant stability from paeisting transformant

lines

Stability of algal transformants has been an issue in algal transgeitlts
many studies reporting only transient expressi@ashir et al., 2016; Doron et al.,
2016; Radakovits et al., 201@grobacteriummediatedtransformation is a nuclear
transformation protocolthat results in DNA integration into the genomand
therefore this genetic dinge is supposedly permanefalthough may be silenced)
Despite this, some studies have reported problems with instahilitthe selected
phenotype Thereason behind this instability isot well characterised but it is
reported that in the modelC. reitardtii that there can be silencing eventisrough

transcriptional repression by epigenetic mechanig@serutti et al., 1997)

Previous work in the Purton lafHiegle, 2014had generated putativeC
sorokinianatransformants usingAgrobacteriuramediated transformation and the
RbleC23 construct (containing G418 as the selectable marker and Zeocin as a second
reporter antibiotic,Figure4-1). Further examinatin of these lines was carried out to
assess the stability oAgrobacteriumamediated transformation.These tests were
performed over 20 months after the putative transformants had first been isolated
(Hiegle, 2014)and the lines had been maintained in low light on +s&fective media
after their initial selective propagations. There are six putative transformants and one
escape colony which was isolated from a negative control plate duringd setection
(Hiegle, 2014)
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4.7.1 Spot tests show increased resistance to antibiotics thartyyiel but so does

an escape mutant

Spot tests were performed by incubating small scale cultures inalilat
directly from an agar plate stock into naelective liquid media for a day until mid
log phase (~OD 750 013. 10pl spots of serial dilubns were then platedn TAP agar
plates containing variouB n my 2 NJYFig8e2-06) ayidimaged after 7 days.

All strains were of similar dilutions as seen in the spots on the no antibiotic
plate (Figure4-16). Examination of the most diluted spots show between 1 and 13
colonies across the lines, corresponding to-118 x 10 cells per 1Qul spot or 1.2¢
16 x 16 cells/ml plating density. Therefore, the spot which compares best to the
selection plating density of 100 million cells in 20Qcorresponding to 5 million cells

in 10pl) is the third spot which should contain-48 x 16 cells.

Examination of the gpis on the G418 plates shows that despite all the strains
growing better than wildype at the low G418 concentration of 1Q@/ml, only
transformant number 1 can grow at 3%@/ml and above at all dilutions. Two other
transformants 3 and 5 grow weaklytime most concentrated spot, and number 7 has
a few surviving colonies, but this is similar to the negative escape ling Bit(ce
Agrobacteriumtransformation is random integration it could be that theDNA in
transformant number 1 has integrated intoraore highly expressed region of the
nuclear genome than transformants 3 and 5. Interestingly, this performance on G418
for transformant 1 is not matched by its ability to grow on zeocin, which is only as
strong as the escape mutant THFigure4-16). This could be related to the construct
only being partially present because of shearing, a problem reported in
Agrobacteriuramediated transformation ofC. reinhardtii(Mini et al., 2018) PCR

would be required to test this.

All other transformants appear to grow better than the JJRscape mutant
on zeocin despite their poorer performance on G418. Although it seems the markers
may be expressed, the performance of all the strains has decreased compared to
earlier tests when they were first isolat¢Hiegle, 2014)Despite this all strains grow
better than the wildtype in the antibiotic conditions suggesting they are true
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transformants and the construct has not been lost from the genoHewvever, he

reduced phenotype for all lines suggests there may be some silencing over time.

Dilution factor from previous spot  gtrain

Strain x5 x5 x5 x10 x10 o it
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Figure 4-16 Spot tests on 2@month-old putative transformants of Chlorella
sorokinianacontaining G418 and zeocin resistance marketsiltures were grown in 3 mL
non-selective liquid media inoculated from an agar plate overnight in the light untdogid
phase. Serial 5 times dilutions were made (unless otherwise specified) and platedldut
pl spots on TAP agar containing different antibiotic concentrations and incubated in the light
for 7 days before imaging. The putative transformant lines are strains 1,3,5,7 and)8sTP(
an escape colony isolated on a negative control plate duselgction. wt is wileype
ChlorellasorokinianaJ TEXL230.
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4.7.2 Southern blot confirmsghe presence of transgenic DNA in one of the old

transformants

Molecular confirmation of transgene integration was attempted by Southern
blot in collaboration with Noreen i€gle. The probe was designed to bind to the
terminator region of theble2l cassette, generated by PQRgure4-17) then gel

extraction was performed and the final DNA concentration measured as 46. ng/pl

6000
3000

1500

1000
750

500
250

Figure4-17. PCR to generatthe DNAprobe for Soutlern blot analysis.Expected
product size 532 bp. Two different PCR buffers were used (HF or GC) frome\&eBitains

no template. L is ladder GeneRuler 1kb (Thermo).

The gelextracted DNA fragment was Dl&belled using a commercial kit as
described in sction 2.2.8.2 and a spot tesfFigure4-18) confirmed the probe was

adequately labelled compared to the positive control supplied with the Kkit.
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Figure4-18Testing labelling of the DNA probe for Southdbtot. The designe@®NA
probe (first 3 lanes and last lankabelling reactionis adequate since it is comparable to the
control DNA supplied in the kit (middle three lanes). DNA concentration of spots descending
is 10, 3, 1, 0.3, 0.1, 0.03, 0.01 and 0 pgidp: imaged with photographic filnBottom:

imaged withthe Odyssey imager

The Southern blofin collaboration with Noreen Hiegleyas performed on
genomic DNA extracted from three of the transformants described above: 3, 5, 7 and
the wildtype as the negative control. Genomic DNA was digested with eithdroxho
Ncol before blotting onto the membrane and probed using aBighPrime Kit. After
probing and imaging, a single band was obtained for transformgfidure4-19),

but only when the digestion enzymesedwas Xhol.
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2x C. reinhardtii
Left Border G418*% RBCS intron 1 Zeocin®

Probe

Right Border
(RB)

2x355 7 RBCS
Sacl

pCAMBIA2300 backbone

Figure4-19 Southernblot of 20-month-old putative C sorokinianatransformants.
Xholdigested genomic DNA from 20onth-old putative transformants ofC. sorokiniana
shows a single band in transformant number 5 lafke plasmid diagram is adapted from

Hiegle 2014The southern blot was carried out in collaboration with Noreen Hiegle.

Interestingly, number 5 was not the best performing transformant sgen
spot tests Figure 4-16). Southern blots of the other transformants were not
performeddue to time constrains but would be useful in future. In particular, it \oul
be interesting to know whether the elevated performance in spot tests of putative
transformant number 1 is due to multiple integrations or a single integration that has
gone into a particularly high expressing region of the genome, gigeebacterium
mediated transformation is random integratioithe signal on the blot is very weak
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and the blot would need to be repeated to confirm the absence of DNA integration
in lines 3 and 7, especially given their good performance in spot f€sese lines
have prevously tested positive for transgene integration by FBiegle, 201430 the

absence of adthern blot product for some is unexpected.
4.8 Discussion

4.8.1 The importance of a reliable selectable marker

The selection of putative transformants is a crucial part of the process of any
transformation. Antibiotic resistance is the standard selection in lab work for the
majority of microbial work and eukaryotic cell cultur€. sorokinianahas a
particularly hgh resistance to commonly used antibiotics. Initial transformations
were hindered by fals@ositives in which putative transformants were found to be
selection survivors upon subsequent propagation rounds. Although this is a common
problem in algal transirmations and could also be due to transgene silencing, it is
more likely due to many false transformants being picked due to the high background
observed. This hinders the method and therefore experiments were undertaken to
optimise the concentration andxplore some of the potential sources of variation in

effect of the antibiotic
4.8.1.1 G418 and zeocin

In the experiments above, the concentrations required for selection were
optimised and found to be sensitive to cell number in a-tinear fashion. It also led
to modification of the transformation method to reduce the number of cells for
selection and try to increase efficiency. Soft agar was found to be necessary to avoid
WK2GaLl2daqQ 2F NBaAradlyOSo ! flymided®d Dnmy
have pehaps been useful to tegtigher concentrationsin the literature, one strain
of C.sorokinianawas selected on 1 mg/nfHawkins and Nakamura, 1999)t they

did not specify the number of cells.

The consistency of the selection and background varied between

experiments. In addition to the factors tested, some of this could have been due to

197



Chapter 4

storage of the antibiotics. Some antibiotics are very sensitive to storage conditions
(Nickolai et al., 1985nd must be stored in single use aliquots and this was not done
at the beginnng of thePhD. G418 and Zeocin are reportedly subject to batch to batch
variability and are sensitive to freetleaw (manufacture advice) Some of the
results on high concentrations from the test transformations may have been due to

aliquots being used multiple times so the antibiotic was less effective.

It would have been useful to test the putative transformants after several
rounds of propagation on neeelective media to see how stable the transformation

was. Due to time constraints this was matrried outbut could be useful in the future.
4.8.1.2 Other potential selectablmarkers

Although antibiotic selection is common there arsativantages. In cloning,
the resistance geneoccupies space in thdNA vector. Also, for industrial
applications antibiotic resistance is undesirable and often there is a requirement to
have a way of either removing the marker or selecting withtbetuseof antibiotics
There are soménterestingalternative markers which have been described, such as
seltexcising oheatshock inducible markei®alla Cas et al., 2015)and increasing
efforts towards seOl f f SR WOAA3ISYySaraQ (Gyl&Rzabtaly G§NI ISy Sa)
2016) Whilst recessive mutants are less suitable for-sbaracterised organisms as
they require knockout sains for restoration of function, dominant mutants such as
those showing resistance to a particular herbicide could be exploited by using the
mutated gene to transform wildtype cells to herbicide resistance. For example, a
mutant of C.sorokinianahat isresistant norflurazon has been isolated in the Purton
lab (unpublished data). Since the herbicide is known to target phytoene desaturase
(PDS) then it is likely that thBDSgene carries the resistance mutation. PCR
amplification of PDS from the mutant widl therefore provide a suitable dominant

marker.
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4.8.2 Transformation methods have multiple parameters that need optimising for

each strain

Transformation methods are not well established amongst microalgae apart
from a few model organisms such @&sreinhardtii and P. tricornutum The large
diversity of microalgae also makes it difficult to translate reported protocols from one
species to another and the effectiveness of the different protocols vary greatly

between strains and need optimising

In thiswork, electroporaion was only briefly attemptedhut it is the quicker
and easier method so would be worth pursuing further in the future. The
Agrobacteriummethod does have its own advantages which must be considered
such as the ability to transfer largertions of DNA at mostly single or double copies.
These advantages and disadvantages were recently highlighted in a publication by
Mini et al. (2018)who directly compared these two methods @ reinhardtii. As
mentioned previously, they were unable to replicate the origiAgirobacterium
protocol(Kumar et al., 2004; Pratheeshal., 2014jand the modificathns they made
to the protocol werethe basis of some of those attempted in this chapter. In their
comparison, Miniet al. 2018 show that Agrobacteriuramediated transformation
gives more falsgositives than electroporatio, which they postulate could be due
to degradation of the antibiotic in longer @oncubations or the antibiotic being
inactivated byAgrobacterium The results presented in this chapter also show a large
number of false positives as identified by theialmility to survive in subsequent

propagation rounds

Mini et al.2018also observe less silencing in transformant&gnobacterium
mediated transformation, but both electroporation anéigrobacteriummethods
resulted in the majority of selected transformants having rearrangements in the
reporter gene. In this chapter potential silencing is observed through decline of
phenotype both in old transformants and in new transformations. Rearrangements
and mdecular confirmation of the putative transformants was not carried out but
would be a priority for future work. Minet al. 2018also find thatAgrobacteriurm

mediated transformants had their transgene in transcribed regions which means that
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despite its dravbacks the method could be useful for insertional mutagenesis

projects(Mini et al., 2018)

Therefore, it is worth carefully considering the transformation method
depending on the purpose of the work and how many transformants are needed.
Also, this chapter has only considered nuclear transformation. There have been a few
reports of chloroplastransformationin microalgaeoutside the established model
alga,C reinhardtiialthough currently no reports faChlorellasp. (Esland et al., 2018)

This could be worth pursuing in the future depending on the desired application
4.8.2.1 Agrobateriummethod optimisation

In this work, various modifications from the origilgjrobacteriuramediated
protocol were tested. Relating the appropriate selection conditions to the
transformation methodology was addressed through modifying the number ¢ cel
available to plate at the end of the transformatiohhis involved the removal of an
overnight recovery step which was deemed unnecessary. Generally, recovery steps
are used more in physical methods like glass beads, biolistics and electroporation,
but they also related to the mode of the antibiotic to give the cells time to express
the resistance marker. In the case of G418, since it is a protein synthesis inhibitor
rather than causing active damage then recovery is less essential. Additionally,
Agrobaderium-mediated transformation is presumably less physically stressful to
the cell than the other physical methods, though this could be tested by imaging the

bacteriatalgal interaction via Scanning Electron Microscopy (SEM).

The consideration of propeA. tumefaciensvirulence, which is neglected in
most microalgalA. tumefaciensprotocols, was modifiedAlthough the cells were
confirmed to be viable after thiSPCR confirmatiomvas unable to be obtained for
presenceof the helper plasmigwhich does nohave a selectable marker but is stable
(being large and low copunless the cells are stressed. It is unclear whether this was
a problem with the PCR reaction or whether the cultures had lost this plasmid. In
which case, it would explain why there were patative transformants for some

transformations
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CHAPTER SMININGA CHLOROVIRG&ENOME
FOR GENETIC PARRDRIVING NUCLEAR GENE
EXPRESSIONIONLORELIS®OROKINIANA

5.1 Introduction

The field of nrcroalgae is still in its relative infancy in terms of genetic
engineering compared to other organisms where these tools are well established. For
microalgae, toolkits have been established but mefébrts are focused othe model
orgarism Chlamydomonasreinhardtii. There have however been increasing
movements toward other industrialspeciesof interest such as # diatom P.
tricornutum and the eustigmatophytes N. gaditanaand N. oceanicaOne difficulty
with microalgal genetic engineering is that due to the large diversity of microalgae
acrosdifferent phyla and esseseven between the models above, any part for one
organism is nottransferrable or guaranteed to behave the same in another
microalga. Thereforemany efforts are sporadic and parts must be tested in each
strain of interestEven withn the Chlorellagenus there are problems because of the
loose definition ofChlorellasp. (see introduction sectiori.5.1) of which many are

being reclassified.

There is an ackmdedged lack bgenetic parts for microalgaépicer and
Purton, 2016hich limits progress in creating stable transgenic lines and fine control
of transgenes through, for example, inducible systerismologous elementsuch
as promoterscan sometimes begreferable as they have been shown fgerform
better than heterologous elements in some repoftsallmann, 2007)However, for
microabae which do not have a sequenced genome,ithieot a viable strategy. One
way this has been addressesipromoter trapping where a promoteless antibiotic
gene is transformed into the organisamd then genomic context surrounding the
gene for successliy growing clones is determined by PQRishas beerconducted
in C reinhardtii (Vila et al., 2012and several other industrial species including

tricornutum, C. vulgarisC.sorokinianaand Nannochloropsisp. (Spicer and Purton,
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2016) However, a disadvantage of promoter trapping is the difficult process of
OKIF N} OGSNARaAy3a (GKS p QRACE.NJditondlyityeie®adNd GA 2y &A
been efforts to create synthetic promoters based on known consensus core elements
(JuvenGershon et al., 2006)Althoudh these synthetic promoters contain mostly
conserved elements, there is some variation and hence synthetic promoter design
can be tailored based on the motifs of a specific species. For example, the first
synthetic core promoter specifically designadingthe yeastPichia pastoriavas
recently characterisedVVogl et al., 2014)Synthetic promoters have also been
successfully employed for plantisiu and Stewart, 201@nd the model microalg&
reinhardtii (Scranton et al., 201630 could be a promising strategy for other
microalgal species whersources of endogenous elements are not availabler
Chlorellasp., there have been many individual repods transgene expressiomsing
various promoters and terminators, but thereaotbeena collective efforas seen

in the other species and also only a few of thesportsrelate to C sorokiniana(as

summarised imecents reviewgLiu and Chen, 2016; Yang et al., 2016)

Linked to the development of a toolbox of parts is the dder a strong
validation system and the characterisation of the behaviour of tHeB#\parts in
different hosts(Scaife and Smith, 2016)his is oftennot conductedin a suitably
rigorous manner tallow parts to be properly compared. Howevdijs is not just a
problem with microalgal partdut across all organisms where a synthetic biology
approach $ to be takenObservations may bepecific to a particulasystemand
precise characterisation is hindered by the intrinsic complexity of biological systems
and their ability to adapt their metabolism to chang@gays to combat this variability
include high numbersof replicates andusing internal standards within the cell or
characterisation to a standard promotor for compan across organisms. For

example this methodis commonlyusedin E. col(Beal et al., 2016)

The previous chapter examined a suitable transformation strategydor
sorokinianaand highlighted significant challenges in thisear This chapteiis
concerned with the design of a libraryDNAparts andconsiderdhowthey would be
tested. Preliminary evidence for their validatiois presented, althougimuch more
work is needed in this aret thereforeprovides a fertile ground for further research
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5.1.1 Types of genetic pagtLevels of cellular control

In order to sucessfully engineer an organism, a robust and reliable set of
genetic partds needed. These genetic parts agenerallyderived from the existing
eukaryotic gene structure and a complete expression cassette must take into account
these different elements athhow theyimpact upon the expression ofgene by the
host. Gene expression is controlled at several stages, each determined by different
parts of the DNA sequenc@lberts et al., 2008]Table 5-1). Key parts include
LINEY2UGSNBS GSNXYAYIFIG2NRAZ pQ YR 0Q dzy i NIy
and the specific DNA sequence oéthrotein coding regionT@ble5-1).

Genetic Affected process in gene expression
Element/Part
Promoter Transcription of DNA to RNA via recruitment of transcription

factors, activators and RNA polymerdse ¢ K Sproater N ¢
generally considered to be 800 bp includinghe transcription
start site

pQ | ¢w Translation of RNA into protein via recruitmentmQ Y wb !
andribosome recruitment of translation initiation factors.
Protein coding DNA Translation rate, depending on codon usage of host and
sequence (CDS) availability of tRNAIMRNA structure can influence stability and

translation.

Introns/Exons PremRNA processing: splicing

0Q | ¢Cw PremRNA processing and translation; contains fosignal for
addition of tail which affects stability of the mRNA

Terminator ¢CNI YAONRLIIAZ2Y 2F 5b! (2 wb! Y

PolyA tail addition

Table5-1 Key genetic parts involved in eukaryotic gene expsion.

These parts all come togeth&r providea multitude d levels of control and
feedback mechanismier the cell Working from the bottom up, firstly there the
availability of the chromosomal DNA by its packaging via histones and nucleosomes
Thenthere is the transcriptional control by the promotewhich may contaircisor
trans acting factors An example of this is th€. reinhardtiHSP70 enhancer which
acts incisto enhance the activity of promoters such as that from the commonly used
RBCS2 pmoter (Schroda et al., 2002, 2000Then there is mRNA itself which can
have dfferent stabilitybased on its folding dynamics and any secondary structure

elements such as hairpinsThen there is translational control by ribosome
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recruitment dynamicsFinally, the proteins thenadves have different stabilities and
degradation pathway related to their structure and functionn much of genetic
engineering the primary focus is on controlling transcription andinga strong
promoter with a suitable terminatar Althoughtranscriptionis only one part of the

central dogmaliscussed abay it is the focus of the DNA parts in this chapter

5.1.2 Asynthetic biology approach to algal transgenics

One key paradigm in synthetic biology is the standardisation of genetic parts
for efficient exchange and control. In order to align with this in plathts, different
types of genetic elemenhave been further split into 12 defined categories with
specific flanking regions in a standardised plant syntax involving Golden Gate cloning
(Patron et al., 2015)All of the genetic parts need to be correctly tuned for optimal
expression ofcoding sequencesthough of these the promoter and codon
optimisation have a particularly high influendéffects of codon optimisation have
been demonstrated in microalgggleitzer et al., 200)7 The use of intron sequences
is a known way to enhance protein expression by affecting transcrifBarer et al.,
2018; Hernandegarcia and Finer, 2014; Specht et al., 201tjugh these should
be homologous (or pantially synthetiqHernandezGarcia and Finer, 2014iptrons

because heterologous ones may be spliced incorréEtilimann, 2007)

In this chapter the elements of synthetic biologyearconsidered by
conforming to acommon plantand algal cloningyntax(Crozet et al., 2018; Patron
et al., 2015and choosing appropriate reporters to allow relative characterisation of

promoter strength.

5.1.3 Sources of genetic part

Genetic parts can be derived from a variety of sources. In plant biology,
promoters derived from plant viruses are very commonly used with high success;
additionally, synthetic and chimeric promoters are also réogjincreasingattention
(Liu et al., 2013; Saunders and Lomonossoff, 20lB)microalgae, endogenous
homologous promoters from highly expressed genes tend to produce better results

than promotersderivedfrom plant virusesuch as the CaMV 35S promoter, which

204



Chapter 5

has only limited success in algal systéfigbari etal., 2014; DiaBantos et al., 2013;

Specht et al., 2010Bynthetic promoters have the potential to be short and strong

@& LINBaSyidAy3a ylI idzNI 9 cahbeNdp@eerkd/as leguldt@? y RSy
devices to give expression profiles which dd ewist naturally, and can be more

resistant to homologydependant gene silencingiernandezGarcia and Finer, 2014;

Liu et al., 2013; Liu and Stewart, 2016jowever, complicated computational

methods and/or large experimental validation screens are requireddentify

sequences to create SUA YA Y f WO2NBQ LINRY2GSNABR YR |
to append to these for tailored levels of expression, though tools for this are
becoming increasingly availalf@avis et al., 2012; Kumari and Ware, 2013; Liu and
Stewart, 2016) Synthetic promoters fo€ reinhardtiihave recently been designed

and shown toperform better than endogenous oneScranton et al., @L6) Viral

promoters have the potential for higgmdnormally constitutive expression, but work

most effectively in organisms related to the natural host of the tus et al., 2013;

Saunders and Lomonossoff, 2003) ¢ KS& | f 42 &ASNWS | a GKS Y
synthetic promoter design@d.iu and Stewart, 2016)

For these reasonsand theoverwhelming success plant virus DNAn plant
biotechnologyMushegan and Shepherd, 199%)lgalviruses may be a useful source
for novel DNA parts in microalgae molecular biology. Indeed, recanplytative
promoter region froma diatominfecting virushas been characterised and shown to
give significantly higher transcription and translation than endogenousatom
promoters inP. tricornutum (Kadono et al., 2015) There is particular potential for
Chlorellasp.in this regard since there is significant work in characteri€ihtprella
sp.viruses at the genomic and transcriptomic level, and there are well characterised
techniques for identifying suatisacting elements from genomic and transcriptomic
data(HernandezGarcia and Finer, 2014¢everalChlorellasp.virus promoter regions

have been characterised already in other hosts, as discussed in the section below.
5.1.4 Aims of this chapter

As discussed in the introduction to this Chapter, there isead for well

characterised DNA parts that ateansferable betweerresearchgroups to bring
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microalgal genetic engineering up to the synthetic biology &ras chaptelargues

for the potential of mining chlorovius genones for genetic parts to use for
heterologousgene expression itChlorellasp, and uses published transcriptomic
data to ®lect two appropriate genes. Subsequent analysis of the upstream and
downstream sequence to determine the promoter and terminator regiatews

design of suitable parts

5.2 Mining thePBCM chloroviruggenomefor nowel promoters for use in
Chlorella

There is aneed for more novel DNA parts in microalgal biotechnology,
especially forChlorellasp. By analysing published genomic and transcriptomic data
of Chlorellasp. viruseswe can identifyheterologous regulatory sequences which
could be used to drive gene expressiarthe algal hostas has been done in plants

with plant virus parts.
5.2.1 Introduction toChlorellaviruses
5.2.1.1 Natural History and biology

Viruses of the genu€hlorovirusalso know asChlorellaviruses, are part of
the family Phycodnavirida¢ f I NHS  &BREbAWitlY GpQta 60 aoding
sequencs) linear dsDNA viruses of eukaryotic al¢@en Etten and Dunigan, 2012)
Chlorovirusesnfect symbioticChlorellalike A NB Sy | thibtelfe that bre 2
found within the cells ofParamecium bursarida protozoan),Hydra viridis(a
coelenterate) orAcanthocystis turface@a heliozoon)Van Etten and Dunigan, 2012)
(see figureFigurel-2 for image ofChlorellasp.with P. bursaria Chloroviruses are
plaqueforming, though since the host confers resistance to the yplejue assays
are only possible on those zdalorellae which can proliferate independently of the
host (Van Etten and Dunigan, 2012)hloroviruses exist ubiquitously in freslaters
at high titres around the world and can be easily isolated from natural sources by
microfiltration of freshhwater samples and applying them to virsasceptible
Chlorellasp.strains(Bubeck and Pfitzner, 2005; Nebraska Center for Virology and Van
Etten Lab, 2012; Van Etten et al., 1985b, 1985a; Zhang et al.,.19B& first
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chlorovirus was isolated in 1981 when the symbioticctdorellaof the hydrazoan
Hydra viridisfailed to grow outside the host because of infection from the virus,
which causd lysis of the entire population in 120 hours(Meints et al., 1981)
Subsequently, the now prototype species of the genus, PBE"ramecium bursaria

Chlorellavirus 1) was first described in 1982an Etten et al., 1982)

Studies on thechlorovirusinfection cycle usig the prototype PBGY have
revealed thathe virusinfect in a bacteriophage like mann@eints et al., 1981; Van
Etten and Dunigan, 2012Firstly a spike structure makes contact with the cell wall
(this first contact with the host cell receptor confers the spietif of the virus to its
host)andthe cell wall of the host is degrade@hevirus lipid membransubsequently
fuses with the host cell membrane which undergoes depolarisation, and the linear
dsDNA genome and associated proteins are ejected into the host cell where they
move to the nucleus for early transcription using host machinery (the virus does not
encode itsown RNA polymeraséigarkova et al., 2014; Blanc et al., 2014; Van Etten
and Dunigan, 2012)Vith significant viral transcripts for 50 genes occurring as soon
as seven minutes post infection (p(Blanc et al., 2014jhis migration of DNA to the
nucleus is not a trivial feat considering the dense complexity of the cytoskeleton of
the eukaryotic cytoplasm which would limit diffusion by Brownian motjboby
Phelps, 2013)and suggests some components facilitating active transport of viral
DNA to the nucleugBlanc et al., 2014)his is also highlighted in discussions of the
infection mechanism oA. tumefaciensand translocation of theT-complexin the
host, where assistance of intracellular host transport machinettyagght to bevery

likely (Tzfira and Citovsky, 2006)

5.2.1.2 Potential implications in human health

There are pw many Chlorellasp. virus strains that have been isolated.
Interestingly, one Acanthocystis turface&hlorellavirus 1 (ACTX) (Bubeck and
Pfitzner, 200% was recently implicated in human health: ACTBNA was present
in throat swabs of humans and was associated with decreased cognitive performance
(Yolken et al., 2014)his was also confirmed in mouse models, resulting in altered

gene expression profiles in the hippocamgielken et al., 2014and physiological
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changes have been detected in murine cells lifetro et al., 2015)The authors are
confident that their results are not explainable by experimental issues like sample
contamination(Kjartansdottir et al., 2015; Yolken et al., 2015his higlights that
viruses in the environment thought not to infect humans may have biological effects
(Yolken et al., 2014)his is surprising considering the apparently strict specific host
range of theChlorellasp.viruses(Bubeck and Pfitzner, 2005; Reisser et al., 1988; Van
Etten and Dunigan, 2012; Yamada et al., 208&ugh the precise mechanism for
this specificityapart fromits association with viral attachment to cell Wadl unclear
(Jeanniard et al.,, 2013)The implication of ACTV in human health is perhaps
particularly concerning folChlordla sp. since its wide sale of biomass as food
supplements in the health markett poses the question as to whethtite species
cultivated are free from virus and if they are not whether thiposes any risk
Especially considering the relative stabilaff ACTVL virus particles being quite high
(Bubeck and Pfitzner, 2003 fact there has been a case report of psychosis thought
to be related tothe ind @A Rdzl £ Q& O 2 ¥hooAdESéIvaghjyet aR, F013) & dzy
though the species was quoted &% pyrenoidosa which is frediving and not
naturally infected byChlorellasp.viruses(Fan et al., 2015)It is worth being aware

of these casesince they highlighthat biological systems often have unexpected
effects It also emphasises the need to consigetential issuesof the sources of

genetic parts and any imamogenetic responses they may trigger
5.2.1.3 Chlorellavirus genomes and insights

The firstChlorellavirus genome sequence, for PBCMvas completed in 1997
(Li et al., 1997)but corrected and updated in 201Punigan et al., 2012ThePBCV
1 genomeis 331 kb, has 416 predicted protein coding sequences and 11 tRNAs
(Dunigan et al., 2012) Currenty, there are a total of 4Xhlorovirusgenomes
sequenced with genomes @87¢348 kb and 31€381 predicted coding genes, and
which showalargedegree ofdiversification(Jeanniarcet al., 2013)Chlorellasp.virus
strains are grouped according to their zbdorellelS K2 aday Wb/ cn! Q @ANH
Chlorellavariabilis Shihira et R. Krauss (referred to previouslyCdorellaNC64A
(Proschold et al., 201),)of which the prototype PBGY 06 St 2y 3aT @{! DQ @A Nz
heliomae (referred to previously asChlorella{ ! D o ®y o0 0 YR WtoAQ OA
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Micratinium conductrix(referred to previously a£hlorellaPbi) (Proschold et al.,
2011)

Studies on PBCY and its hosC variabilisNC64Athe genome of whiclhas
also been sequenceBlanc et al., 2010are an important model for algae virh®st
dynamics. Transcriptional studies on both the algal host and virus during the course
of infection hae foundtemporal regulation ofvirustranscripts (Blanc et al., 2014;
Rowe et al., 2014) Thestudieshave also yielded insights into the ancient and long
evolutionary history of the chloroviruses potentially back to division of prokaryotic
and eukaryotic lineagedang et al., 2004; Yamada et al., 20@)loroviruses have
even been implicated in influencing the evolution of their hosts, for example by
horizontal gene transfer of gend8lanc et al., 2010)Chloroviruses also possess
many features unique from other viruses including encoding of interesting proteins,

as discussed below.
5.2.1.4 Interesting genes ahfeatures of chlorovirus and their biotechnological uses

Chlorellasp. viruses have been noted as containing the smallest knawn
among the smallest proteins of particular classes, and sometimes unique proteins not
found in any other viruses. These ¢ eukaryotic ATHEependant DNA ligase
(Odell et al., 2003)type Il DNA topoisomerase, a histone methyltransferase (VSET
(Mujtaba et al., 2008) and a Kchannel (KcyKang et al., 2004; Romani et al., 2Q13)
reviewed in(Van Etten and Dunigan, 2012; Yamada et al., 2006}hese the K

channel has received much interest as a minimal catalytic(amg et al., 2004)

Other interesting gene products include angpnothers: polyamine
metabolism, chitinases and hyaluronan synthase (reviewedVian Etten and
Dunigan, 2012; Yamada et al., 2006h particular, chloroviruses are knowfor
encoding an unusually large suite of proteins for carbohydrate modificgiam
Etten et al., 2017&nd uniquelyencode machinery to glycosylate their own proteins,
and even do this in unique patterr{fPe Castro et al., 2015, 2013, Van Etten et al.,
2017, 2010)PBCVL also encodes 11 tRNASho et al., 2002)hich the rare virally
encoded ribonuclease 11l is suggested to be implicated in proce&shamg et al.,

2003)
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Some of these interesting products have been useful for molecular biology
studies in other organisms since they function recombinantly, such as tAdifd$ée
(Kubota et al., 2015; Odell et al., 200Byom a biotechnological point of view, the
Chlorellasp. virus aquaglyceroporin (aqpvl) has been expressed in tobacco for
drought resistancgBihmidine et al., 2014)and the DNA ligase has besmggested
as a more efficient alternative to other ligases for annealing ssDNA to RNA splints in
oligonucleotide probing assaytohman et al.,, 2014)The use of an intactiral
particle itself as an infection agent to induce lysi€oellasp.for easier extraction
of compounds like lipids has been explof€&heng and Labavitch, 2018y has the
use of infected cells for the production of the valuable polysaccharide hyaluronan
(Rakkhumkaew et al., 2013Jheir large genomes also mean that if chloroviruses
were be to used themselves 88NA deliverywectas, they could be more useful for
such a purpose than plant viruses, which often have small gendrlesry and

Meints, 1994)
5.2.2 Chlorellavirus promoters used ithe literature

The use of promoters from chlorovirus is not a new idea in itself, though
reports are sporadicA popular choice of gene in previous studies has been the
LINR Y 2 ( S NJUFR/régiorpdR & 38 ®RDa protein encoded by gaB#2L(Table
5-2). This gene isf unknown function despite one study naming it as an aspartyl
tRNA synthetas¢éKawasaki et al., 2004all other studiegBlanc et al., 2014; Graves
and Meints, 1992; Kawasaki et al., 2004; Y&aser et al., 201nd the current
NCBI record note that it as a hypothetical unknown protéi8l12Lhas the highest
transcript levels of angZhlorellasp.virus gene in several studi¢Blanc et al., 2014,
Graves and Meints, 1992; Kawasaki et al., 2004; Yeadar et al., 2010pnd was
popular because of this and its apparent categorisationaaemporally early
expression which is preferred because they are more likely to be able to be
recognised by host transcriptional and translational machirfsiguyen et al., 2009;
Park and Chi, 2004; Park et al., 2006) L& Kl a GKS f2y3Sad pQ! ¢w
chlorovirus genes (Nguyen et al., 2009y YR O2y (| A-@g8\AK NMeHADQ
(Kawasaki et al., 2004Jable5-20 @ 2 KSy (KS LINRY20GSNI NB3IA2Yy |y
to drive protein expression in transforme@ ellipsoidea protein levels were
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