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ABSTRACT

Chlorarachniophytes, a group a@harine unicellular amoeboflagellatehave
acquired theiplastid secondarily from a green algansferring photosynthesis intbe
heterotrophidRhizarian host. The evolutiany integration of organisms ovéime must
coorinate gene expression to regulate stress respoHsegever, the light response
mechanism has not been studied in chlorarachniophytesnductedan RNAseq
experiment to identifytranscriptome changasderhigh (HL) or verylow (VL) light
stress, in tt model chlorarachniophytBigelowiella natansUnder HL,genes involvedh
primary metabolismand detoxificatiorincreasedwhile VL reduced expression génes
in carbon metabolism and photosynthestselight-harvesting complefd HC) geneswith
divers originsfrom green and redlgaewerehighly responsive to light stresbwo classes
of LHCswere overexpressednly in HL, suggesting role inphotoprotective mechanism
like non-photochemical quenchingrogether,B. natansdisplays ditinct acclimation
strateges that incorporatec&tndosymbiont and host regulatory framevgoid cope with

light stress.
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1. General introduction

Chlorarachniophytes are a small group of marine, unicellular green
amoeboflagellates witla mixotrophic lifestyle. There are five genera and nine species
identified that belong to this group, distribed strictly in marine environmestfrom
tropical to temperate regionacludingoceanic surfacg rocky shores, sandy beachasg
even the bottom & shallowsea (Ishida et al. 2007). While chlorarachniophytes have only
a few identified species, theirdittycle and morphology are quite diverse. Three major cell
forms can be found in chlorarachniophyt@esoccoid cell anamoeboid cell with filopodia,
andaflagellated cell with a flagellum (reviewed in Ishida et al. 2007). Life cycle patterns
can be usedo distinguish species of chlorarachniophytes. For instance, our model
organism, Bigelowiella natans(Fig. 1.1), is commonly found ina flagellated free
swimming form but occasionaltgkes oran amoeboid form (Moestrup and Sengco 2001),
especially in a cultures as we also observBdnatands small rangingbetweer4 and 8
pum in length with a single flagellum. Chlarachniophytes have been of special interest
for evolutionary biologists because they have an additional genetic compartment called a

nucleomorph, which evolved fromme nucleus of an endosymbiotjreen alga.

1.1 Endosymbiosis and chlorarachniophyte origins

Endosymbiosis is an important mechanism in eukaryotic evolution, expanding the
diversity of life on Earth. Chloroplasts evolved thgh endosymbiotic events, causing
photosynthetic machinery to spread throughout most of eukaryotic kingdoms (Keeling
2010). The establishment of first plastids from a cyanobaaienaed endosymbiont is

believed to have evolved over a billion years agoop et al. 2004). This process is called
1



a primary endosymbiosis because a heterotrophic eukaryote engulfed a photosynthetic
bacterium, which later became a chloroplast. This primary event occurred once and
ultimately gave rise to the Archaeplastida, dfieh there are three groups: Chlorophyta
(green algae/plants), Rhodophyta (red algae), and Glaucophyta (glaucophytes). However,
photosynthesis continued to spread amongst eukaryotes involving eulauiatgote
endosymbiosis in what is called secondargamymbiosis. This has occurred multiple
times with red or green algae, resulting in complex secondary plastids {Resteset al.

2007, Yang 201). Algal groups containing secondary plastids derived from red algae
include the cryptophytes, stramenopiesne alveolates, and haptophytes. Two additional
algal groups, chlorarachniophytes and euglenids, possess secondary plastids acquired
independently from green algal endosymbionts (Rogers et al. 2006).

The chlorarachniophytes evolved from a union betwaenorphotosynthetic
Rhizarian, likely a cercozoan (Bhattacharya et al. 1995, Keeling 2001, Nikolaev et al. 2004,
Burki et al. 2009), with a photosynthetic green alga. However, the identification of the
green algal group giving rise to the chlorarachhige plastid is debated. A concatenated
phylogeny of plastid genes placed the chlorarachniophyte plastid within the ulvophyte
trebouxiophytechlorophye (UTC) clade (Rogers et al 200G his agreed with previous
work that suggested chlorarachniophyte atmelies within the ulvophytes, based on
phylogenetic analysis of the plastticoded elongation factor Tu (Ishida et al. 1997), or
trebouxiophytes as determined from nucleomorph small subunit ribosomal RNA (Van de
Peer et al. 1996). More recently, a pilas phylogenomics study places the
chlorarachniophyte plastid sister to the Bryopsidales and suggests a potential origin from

within the siphonous green algae (Jackson et al. 2018).
2



Chlorarachniophytes have a complex cellular structure. This includdsroplast
with four surrounding membranes (rather than the usual two). The two inner membranes
are derived from the envelope of the chloroplast from green algal endosymbiont. The third
membrane is proposed to be derived from the plasma membrane ofulfecalya, while
the fourth, outermost membrane likely derived from the host plasma membrane (Archibald
and Keeling 2002, Gould et al. 2008). Between the second and the third chloroplast
membrane, there is an area called the periplastidial space, whenmeusumal genetic

compartment, called the nucleomorph, is located (Hibberd and Norris 1984). The

nucl eomorph is a vestige of the endosymbi o

been found in only two algal groups to datechlorarachniophytes and cryptoytes
(McFadden and Gilson 1995, Archibald 2007).

A consequence of endosymbiotic associations is often the transfer of genetic
material from the endosymbiont into the host nuclear genome, resulting in the reduction of
endosymbiont 6s dimgdndrghibald 20888 Extensivd fhyogenetic
analysis of endosymbioiitansferred genes iB. natanssuggested that many did not
originate from green algae, as you would expect if the plastid evolved solely from a green
alga endosymbiont. In the caseBofnatans Curtis et al. (2012) estimatefdom a small
subsample of 353 proteins, that 59% were @efifrom green algae, colloquially known
as the Agreen geneso, while 22kl wdr Br dér
While Curtis et al (2012) discuss methodological issues that calls the magnitude of this
gene mosaicism into question, there some clear examples. For instance, genes encoding
phosphoribulokinase and sedoheptulbsphosphatase (Petersen et al. 2006, Yang et al.

2011) are derived from red algae. In additBnpatandhas some unusual antenna proteins
3



of red algalorigin (Koziol et al. 2007, Neilson et al. 2017). The genes encoding stress
related LHCXs/LHCZs, in particular, showed a close relationship to stramenopiles, whose
plastid evolved from red alga¥ang et al. 2011 suggest two possible explanationk®n t
unexpected msence of red algalerived genes iB. natans One could be a resudf

chl orarachni ophyt es 6 atransiertof genedhfiorn thd ralffale st y | e
ancestor prior to red/green separatibhe other could be the ancestor of the Rhizaria had
undergonea cryptic endosymbiosis with a red alga, later replaced by then gree

endosymbiont (Fig. 1.2; Yareg al. 2011).

1.2 TheB. natansgenomes

B.natanpossesses four genomes’' mitochondri
nucleus. The latter three dfedse genomes have been sequenced. The chloroplast genome
is 69.2 kbp and is considered to be a small chloroplast genome, compared to that in other
photosynthetic organisms (Rogers et al. 2086). n gplastichger@®me does not show
massive gene loskowever, the reduction in size is the result of a compaction, since it has
no introns and small intergenic regions. As with most plasiittaining organisms, most
of plastid proteins are encoded by genes in the host nucleus, leaving only 57 genes (27
genesencode tRNAS) that are encoded in the plastid itself (Rogers et al. 2006).

The nucleomorph genome is under 1 Mbp with 331 annotated genes on three linear
chromosomes (Gilson and McFadden 1996, Gilson et al. 2006). The nucleomorph genome
contains a smalhumber of housekeeping genes and only a handful of plasgdted
proteins. Most of theplastidtargeted proteinsre encoded in the host nucleus and

transferred back to the periplastidial compartment (PPC), where the nucleomorph resides

4



(Deane et al. 2D). The nucleomorph genomes of three additional chlorarachniophyte
species are available. More than 80% of functional genes are shared among four known
chlorarachniophyte nucleomorph genomes, including 17 genes encoding-{alegied
proteins (Tanifujiet al. 2014, Suzuki et al. 2015).

B. natansis the first chlorarachniophyte whose complete nuclear genoase
sequenced (Curtis et al. 2012). The 9% genome is intromich and contains 21,708
annotated genes, which were used as a reference foaonscriptomic study. Around 41%
of the proteirencoding genes have no identified homolognesy other organisms, while
a great number of paralogues with more than 2,000 1geite families was detectethe
B. natanggenome, interestinglyghowsa largenumber ofgenes withalternative splicing,

compared to any other unicellular organigi@artis et al. 2012)

1.3  Photosynthesis

Photosynthetic organisms are able to convert light energy into chemical energy,
generating carbohydrates (sugars) thatmaaoxidized in the cell to produce the energy for
biosynthetic reactions. This phenomenal process is called photosynthesis, which is
conceptually di vi ded i nt o-dependerit s a tigdt- O f re
independerit (Fig. 1.3). Photosynthesis ocesuin the chloroplast, where the light
dependent reactions take place within the thylakoid membrane and the dark reactions occur
in the stroma. In the thylakoid membrane, there are two reaction centers absorbing the light
maximally at 680 and 700 nm: Pbeystem Il (PSll) and Photosystem | (PSI),
respectively. Each photosystem is composed of a reaction centre that includes a special

pair of chlorophylls where photochemistry occurs, called P680 and P700 in PSIl and PSI,



respectively. The reaction centreg aisually associated with peripheral antenna proteins
that in eukaryotes are called the ligtatrvesting complexes (LHCs). These proteins are
capable of capturing light and transfeg the energy in the form of excited electron to the
specialized chloroptl molecules in the reaction centres. At PSII, excitation of the special
pair (P680) causes an oxidation reaction, the electron being transferred to pheophytin. This
creates a strong biological oxidant that causes water to be oxidized to replace tbe elect
lost by P680, releasing oxygen and protons in the process. Pheophytin is reduced and
excited electrons transferred to a series of quinones and cytochromes that create a proton
motive force (PMF) across the thylakoid membrane. This PMF drives the phgspion

of ADP using the ATP synthase, forming ATP. Electrons move from the electron transport
chain proteins (plastoquinone and cytochrome b6f) to plastocyanin, and are passed to the
special pair of chlorophylls in PSI (P700) that wpreviouslyoxidized when excited by

light. The electrons are ultimately transferred to ferrodd¥&DPH reductase (FNR),

which catalyzes the reduction of NAD#® NADPH. Both ATP and NADPH are products

from light-dependent reactions that will be used for carbon fixati@aiv{&Benson cycle;
6darké reactions) and other metabolic proc
CQOqin the air is fixed into carbon compounds, which are the energy/metabolite source used

throughout the cell (Fig. 1.3).

1.4  Photosynthetic compnents
The structures and components thie photosystemsare conserved among
cyanobacteria, green plants, and algae. Photosystem Il (PSll) is asuthit protein

complex embedded in the thylakoid membranes. The dimeric core of PSIl is composed of



polypeptides, pigments (chlorophylls and carotenoids), and cofactors. At the core of PSII,
there is a reaction center, which contains four to siborophyll a molecules, two
pheophytins, and two quinones for initial charge separation. The reaction cenbensrate

by two hydrophobic polypeptides D1 (PsbA) and D2 (PsbD) and interacted with two
internal chlorophyll &inding proteins CP43 (PsbC) and CP47 (PsbB; Fig. 1.4A) to
facilitate excitation energy transfer (reviewed in Green and Durnford 1996).

Photosygem | is a large mulsubunit complex located within the thylakoid
membrane, existing as monomer and trimer forms. In contrast to PSII, the PSI reaction
centrehas a builin core antennagcomposed to two main proteinBsaA and PsaB.
Surrounding PSI is HCI, which isarrangedastwo dimers, creating a hathoon shaped
belt on one site of the PSI (Amunts and Nelson 2009). In planésPSH.HCI
supercomplex is composed of around 16 proteins subunits, associating with hundreds of
light-harvesting pigmentsigher than with PSII. PsaK and PsaG subunits are at the corners
of the PSI to connect between the core PSI and LHCI. Psalkdsssential for the state
transition, in which more antennae attached to PSI upon changes in light quality (Fromme
et al. 2003Mazor et al. 2017).

Surrounding the PSII reaction cerstare the antenna complexes LHCII, thylakoid
membrane integral and pigmdrihding proteins, that transmit energy into photosynthetic
reaction centers of photosystem | and Il. LHCs contain ttresesmembranspanning
regions, with helices 1 and 3 interacting by a salt bridge to bind chloraghylland
carotenoids (Fig. 1.4B) (Kuhlbrandt et al. 1994). The members of LHC family are different
between plants and green algae. LHCs are divideanajor and minor LHCs encoded by

Lhcbm and Lhcb genes, respectively, in green algae (Teramoto et al. 2001). In plants, there
7



are three minor LHCII proteins (CP26, CP29, and CP24), but CP24 is absent in green algae
(Elrad and Grossman 2004, Minagawa and Takhi 2004). CP26 and CP29 interact with

the CP43 and D2 proteins of PSII, while CP24 interact with the major LHCII proteins. The
minor LHC are located adjacent to the core PSII, while the major LHCs are situated at the

periphery (Calderone et al. 2003 R al. 2013) as shown in Fig. 1.4A.

15 Light stress and Photoacclimation

Light is necessary for all photosynthetic organisms to drive photosynthesis, but
light also has adverse effects if it is in excess or limited. Plants and algae have developed
several mechanisms to deal with these different light stresses. In dim light, there is
insufficient energy to drive photosynthesis, resulting in nutrient starvation and limitation
in growth and development (Iriarte and Purdie 1993, Singh and Singh 20ilf). Cells
have to compensate by increasing light absorption capacity, which is indicated by
increasing chlorophyll content and accompanied by larger antenna and/or more reaction
centres (PSll)often reflected in a higher PSII/PSI ratio (Schanz et al71Bailey et al.

2001).

Excessive light, in contrast, tends to haveore harmful effecbn plants and algae
as the higher light intensity pushe®e photosynthetic rate higher, ultimately becoming
light-saturated. Photosynthetic saturation can legohtiooxidative damage throughout
cells if they cannot manage to dissipate the excess light energy (Niyogi 1999). All
photosynthetic organisnigveexpress an overlapping series of mechanisms, collectively
called photoacclimation, to minimize or remove th@mful products from the high

irradiance. Typically, under high light, the antenna and reaction center regulation is reverse



of what it is under light limitation. Usually LHCII and or PSII content decreases, associated
with a lower PSII/PSI ratio (Anderacet al. 1988, Bailey et al. 2001).

Photoacclimation exists on different, nested time scales, both ahdrtongterm
(Durnford and Falkowski 1997). The responses on the short time scales include non
photochemical quenching (NPQ) (Jung and Niyogi 20@&diated by the xanthophyll
cycle to dissipate excess light as heat (Govindjee 2002), and state transitions, causing
conformatonal change and movement of LHHQwai and Minagawa 2008). If sheterm
responses are not sufficient, cells will undergo #e1gn acclimation. Longerm changes
induce alterations in the concentration of antenna proteins and metabolism, which require
changes in gene expression. How plants sense high irradiance is not clear but may be
related to the redox state of the photosgtithapparatus and ROS accumulation (Durnford

and Falkowski 1997, Dietz 2015, Natali and Croce 2015).

15.1 Short-term photoacclimation

When algae or plants are exposed to light stress, there is a quick response that
occurs within minutes to minimize exexcitation of the reaction centres, which is called
shortterm photoacclimation. When the light exceeds the capacity of photosynthesis to use
that energy, some of the energy can be dissipated as heat in a serieplodtochemical
guenching (NPQ) meeamisms. Quenching refers to the reduction in the amount of
chlorophyll fluorescence in the presence of light. This can involve both photochemical
guenching (photosynthesis) and famotochemical (thermal dissipation) processes that
plants use to deal witlight energy harvested by the antenna. The thermal dissipation of

energy occurs in the antenna and constitutes multiple components collectively called NPQ.



These include energyependent quenching mechanisms (gE), state transitions (qT), and
photoinhibition of PSII (ql) (Mdller et al. 2001). The enerdgpendent quenching is
rapidly induced in excess light and relaxes within seconds when the light turns off.
Excessive photon absorption leads to changes of proton gradient in the thylakoid lumen
(I ow | H)nhatrwill tE8gger gE as a feedback regulation (Kramer et al. 1999). The
requirement for a proton gradient for qE inductisdemonstrated by its inhibition when
the | umen epH is disrupted by uncougl er s,
(Delphin et al. 1998), and FCCP (Canaani and Havaux 1990). Acidification of the
thylakoid lumen can also activate the conversion of xanthophyll pigments that are bound
to LHCs, turning the antenadrom efficient light harvesters to dissipaters, a mechanism
called the xanthophyll cycle.

There are two different xanthophyll cycles. First, in plants, green algae, and brown
algae (reviewed in Goss et al. 2010) the xanthophyll cycle involves the interconversion of
violaxanthin(Vx) to zeaxanthinZx) via an inermediate, antheraxanthin. This tst@p
de-epoxidation takes place in the thylakoid membrane catalyzed by violaxanthin de
epoxidasdocated inthe thylakoid lumen, which is activated by low lumen pH (Hager and
Holocher 1994). Zeaxanthin can act as adiguencher, dissipating excitation energy
received from singlet excited state of chlorophyll a. Theplexidation of Vx to Zx and
the protonation of antenna protemesult in aggregation of LHCthat is able to dissipate
energy(Horton et al. 1991, Htoon et al. 2005). While zeaxanthin is an essential component
for the energydependent quenching, where it functions in the antenna is unclear.
Holzwarth et al. (2009) proposed two possible quenching sites, Q1 and Q2. In plants, Q1

requires an LH@&ike protein called PsbS protein that interacts with the detached major
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LHCIlIs after a confamational change in the antenidne second proposed quenching site
(Q2) is at the minor LHCIIs proteins (CP29, CP26). Green algae, however, lack the PsbS
protein, instead dwing another divergent LH{ke protein called, LHCSR, which is
essential for the g component of NPQ (Peers et al. 2009).

A second xanthophyll cycle, diadinoxanthin (Ddx) cycle, involves the
interconversion of diadinoxanthin and diatoxanthin, and & blearacterized in diatoms
(Lohr and Wilhelm 1999). Unlike the xanthophyll cycle, only onesdexidation step is
required in the Ddx cycle by de-epoxidase (DDE). NPQ in diatoms is likely correlated
with the Ddx cycle activity. There are two proposediais predicting two quenching sites
for NPQ in diatoms. One is at the detached fucoxarthiorophyll a/c- binding protein
(FCPs) while the other localized in the intact FCPs at the PSII core cordpf@ndingn
the Ddx (reviewed in Goss and Jakob 2010).

A second component of NPQ that takes minutes to induce in the light and relax in
the dark is a state transition (qT) (Allen and Forsberg 2001). State transitions involve the
migration of LHCII from PSII to PSI in agffort to maintain an excitation balance between
the photosystems (Allen and Forsberg 2001). Under normal conditions, LHCII
polypeptides are associated with P$late ). State | is associated with a higher
fluorescence yield and quantum efficiency oflPBowever, when PSII receives excess
light relative to PSlthe plastoquinone pool is oweeduced resulting in an activation of a
specific kinase that phosphorylates LHCII proteins. LHCIIs are detached and migrated to
PSI, which is state Il (reviewed Minagawa 2011). The chloroplast thylakicédsociated
serinethreonine protein kinase that regulates these transitions is known as STN7 in

Arabidopsis while the ortholog irChlamydomonass called STT7 (Depege et al. 2003).
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State transitions, however ganot likely involved in protection against high light in green
plants and cyanobacterieather they increase photosynthetic efficiency under low to
medium light (Mullineaux and Emlydones 2004). Interestingly, in green algae a transition
to state 2 uner highlight stress minimizes linear electron transport in favour of cyclic
electron flow around PSI, while stimulating the PSII repair cycle (Finazzi et al. 2001,
Wollman 2001).

Finally, the third NPQ component, which is the slowest reversible quenching
process that could take hours, is photoinhibition (gl). This occurs when PSII damage and
PSII repair are imbalanced (reviewed in Muller et al., 2001). Under prolongedidtitjh
exposurethe D1 protein of the PSII core complex is damaged, leading toctieduin
photosynthetic capacity and electron transfer. It consequently reduces light entering the
PSII, so reversible photoinhibition is amd asa quencher and considered to be part of
photoprotective mechanism with a relaxation within minutes to h&stoinhibition is
evident by reduced quantum yield of PSII, caused bgcrease in variable fluorescence
(Fv) as a result of the increased thermal dissipation. This suggests athalesigulatory
mechanism preventing the cefrom irreversible phottamaggKrause 1988, Somersalo
and Krause 1989, Lee et al. 2001). An indirect protection from photoinhibition may involve
the transfer of energy from active RCs to inactive RCs in which the protection is more

effective with more damaged PSllIs (Lee et aDD).
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15.2 Long-term photoacclimation

If the light stress is prolonged, lotgrm mechanisms are induced working together
with the shorterm photoacclimation to maintain balance of electron flow within the
chloroplast. The changes involve the sizel &omposition of the antenna systdo
minimize photon absorptioThese generally require changes in the expression of genes to
alter the relative abundance of photosynthetic compositions, whichhtailees to complete
(Smith et al. 1990, Walters and Haom 1994, Melis et al. 1998, Gordillo et al. 2001). For
instancethere isan increase in the number of PSII reaction centers relative to PSI, resulting
in a decreasing PSI/PSII ratio (Chow et al. 1990, Sukenik et al. 1990, Sonoike et al. 2001,
Melis et al 1996, Fujita 1997)The Chlorophyll a/b ratio in green algae is generally
reduced in Hkacclimated cells, coinciding with a reduction in the antenna Size.
expression of mjor LHCIIs generally decreaseinder HL in both plants and algae,
indicating asmaller PSII antenna (Melis et al. 1996). While many photosynthetic proteins
are regulated by light intensity, the expression of genes encoding the antenna proteins are

usually closely coordinated with irradiance (reviewed in Humby et al. 2006).

1.5.2.1 Antenna regulation in photosynthetic organisms

LHC antenna proteins have crucial roles in photoprotecBoith transcriptional
and translational responsesntrol antenna levels. I'€. reinhardti, LHCIl and Lhcb4
MRNA abundance showed a rapid declifierehigh light exposure, but soon recaa@to
near prestress levels after-8 hours (Teramoto et al. 2002, Durnford et al. 2003, McKim
and Durnford 2006). Both plants and algae exhibit a reduction in LHC transcript abundance

in response to high light.RE expression of LHC transcripts, in contrastrease in
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response t@ low light condition (Bohning and Burnside 1956, Falkowski and LaRoche
1991, Escoubas et al. 1995). The -nm transcription assay wassed toassess the
photoacclimatiordependent trascriptional activity of the LHCII genes froDunaliella
tertiolectacells, showing an elevation of Lhc transcription bfpRl after a shift from HL

to LL (Escoubas et al. 1995).

There are other LHC relatives that have specialized roles in photoprntédtese
include the LHCSRs in green algae (Peers et al. 2009) and LHCX genes in diatoms
(Bailleul et al. 2010, Zhu and Green 2010) whose mMRNA levels increase under HL. The
function of more divergent LHCs found inB. natans and some
stramenopiledaptophy es* LHCY and L afedl unclaao. imtergsgngly,
Nymark et al. (2013) have identified that the diatom LHCY homolog is repressed by high

light in Phaeodactylum tricornutum

1.5.2.2Metabolic alterations under high irradiance

Other efficien strategies to protect cells from photodamage are increasing sink
capacity and removing toxic fyroducts. The latter will be discussed in the next section.
Cells acclimated to HL generally show an increase in their primary metabolism, which
increases emgy demand and s the reductant produced under excess light. In algae,
excess light is associated wiiihcreasedcell division and growth, wére plants rather
depend orcarbohydrate metabolis(wilson and Huner 2000, Walters et al. 2003). The
metabolic shift likely reinforces the higher growth rate under HL in microalgae (McKim
and Durnford 2006). The major metabolic pathways influenced by high irradiance include

lipid, central carbon, nitrogemetabolism and ROS detoxification.

14



Changes in lipid metabolism in response to HL stress are often observed in
microalgae, such d3unaliella sp.andChlorella sp (Ramos et al. 2011, Takeshita et al.
2014, Cheng et al. 2017). The increased lipid cdstender excess light seem to fuel
higher demand of energy as growth rate is increased during this condition. It could also
help stabiliz the cell membrane thas being weakened from the strong irradiance as
suggestedby Dong et al. (2016).

In responséo HL, more energy is funneledtaphotochemical reactions, resulting
in the accumulation of carbon products (starch and sugar) as obsei@atbiglla sp.
(Takeshita et al. 2014, Cheng et al. 2017). In addition, central carbon metabolism is largely
affected by changing of light intensities in plants. These include the increase expression of
enzymes and metabolites in CahkBenson cycle (Evans 1987, Chow et al. 1991, Walters
and Horton 1994), tricarboxylic acid (TCA) cycle, and perjaisesphate pathwaPPP)
(Schl ¢ter et al. 2003, Wulff Zottele et al

HL-acclimated cells often exhibit higher amino acid and amine abundance possibly
a result of precursor availability generat ¢
The increase of aminacid pools could be due tmincrease of protein catabolism as a
result of photodamage de novaddiosynthesis. It has been observed that green algae seem
to rely on a strategy for reducing photosynthetic proteins under HL by dilution through cell
division (Durnford et al. 2003). Since there is no clear evidence of induction of LHCII
protein degradation under high light in green algae (Webb and Melis 1995, Durnford 2003),
de novo biosynthesis likely contributes to the increase of amino acid pools (Davis e
2013). McKim and Durnford (2006) observed elevated protein synthesis-atélimated

Chlamydomonaas a result of higher demand from excess energy input.
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1.5.2.3Detoxification under high irradiance

Upon increased light intensities, photosynthdsecomes saturated resulting in
reactiveoxygen species (ROSs) accumulation. The main source of ROSs is the chloroplast,
a result of excess light absorption that saturates the electron transport chain. Among
different types of ROSs, hydrogen peroxide@) and singlet oxygen'Q.) are highly
reactive andikely have a role in signaliniight stresstriggeringanacclimation response
in the cell in both land plants and green algae (Karpinski et al. 1999, Ledford et al. 2007,
Erickson et al. 2015). To effavely prevent cells from photooxidative damage, reactive
oxygen species (ROSs) have to be removed. Enzymatic andnzgmatic antioxidant
systems are induced to detoxify the-grpduct ROS from oxidative stress. Enzymatic
antioxidants include superoxidBsmutase, catalase, glutathione peroxidase, glutathione
reductase, and peroxiredoxin (Apel and Hirt 2004, Bela et al. 2015)ehNnmatic
antioxidant systems involve the production of glutathione (GSH), tocopherol, and
ascorbate (Apel and Hirt 2004, Dasd Roychoudhury 2014). These factors react with
ROSs by donating their electrons to the unpaired electron of the ROSs that eventually
neutralize them (Birben et al. 2012). The elevation of both enzymatic arehnagmatic
antioxidants is welbtudied in green algae, especially in higght acclimated
Chlamydomonagsas reviewed in Erickson et al. (2015), and in plants (Das and

Roychoudhury 2014).
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16  Objectives

Light-dependent acclimation responses are-ateitlied in land plants and green
algae, yeairenot understood in organisms with complex plastids, like chlorarachniophytes.
Compared to other green algae, chlorarachniophytes possess an antenna system atypical
for a greeralgal derived plastid, suggesting that they might employ different or novel
regulatory mechanisms in response to light stress. The main goal of thiswhests
investigate how the lightesponse capability iB. natanshas been affectedluring plastid
evolution usinghree main approaches.

First, 1 conducted an RNAeq experirant to characterize changes in the
transcriptome in response to changes in light intensity. Transcriptome changes were
assessed in cultures exposed to 4 hours of high ofleeriight stress. The goal was to
determine differentialhexpressed genes inveld in  photoacclimation in
chlorarachniophytes compared to the ligkgponse strategies in other green algae, from
which they acquired a plastid. Evolution ¢fie photoprotective mechanism was
investigated preliminarily to identify origins of lighespona/e genes. These concepts are
discussed ifChapter 2.

The antenna system 8f natansnot only possesses greatyal LHC homologs,
but alsoconsists of diverse membaeatsrived from stramenopiles which their functions
remainobscure My secondgoal wasto dissect the role of thB. natansantenna system
regardingphotoacclimation.To do this the same RNAseq data set was used to align
uniquely against an extract&dHC reference genome arid quantify the level of gene

expressionThi s wor k has been contributed in the
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Bigelowiella natangight-h ar vest i ng ant enna sapdistdiscossed( Ne i |
in Chapter 3.

Finally, changes of antenna system at the photophysiological Isvklrther
explored ashe expression of some antenna genéisates lightharvesting function, while
others infer a photoprotecte role. To detect how B. natans acclimats
photophysiologically under sheterm light stress,idorophyll fluorescence yieldnd NPQ
were measured in cultures acclimated to different light intensitidswere comparet

strategies used in othgreen algaé the secondhalf of Chapter 3.
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Figure 1.1: Bigelowiella natangiving cells at a flagellate stage under light microscope

(100X). Arrow indicates its flagella.
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2. Transcriptome profiling of Bigelowiellanatansin response to

light stress

2.1 Abstract

Bigelowiella natands a marine chlorarachniophyta, member of thdRhizaria
(SAR supergroup), whose plastid was acquired secondarily via endosymbiosis with a green
alga Integrating a photosynthetic endosymbiont within the host metabelmsoute to
plastd evolution would require the acquisition of strategies for coping with changes in
light intensity. Presumably, this wouddhtailnot only the transfer of lightesponsive genes
from the endosymbiont to the host, but also modifications of host geneatdbetcell
could respond appropriately to changes in photosynthetic metabolism. To investigate the
transcriptional response to light intensity in chlorarachniophytes, we conducted an RNA
seq experiment to identify differentialgxpressed genes followifigur hours of high{HL)
or verylow light (VL), compared to a control lelight condition. A shift to high light
pushes the cells into an excess light condition, triggering 2491 genes to alter expression
significantly. Transfer to verow light, however substantially reduced photosynthesis
leading to the detection of 543 differentially regulated genes. About 30% oflitjieise
regulated genes have similaritiesto anything in publicly available databases. A shift
to high light altered the expressiai genes involvedn photosynthesis, detoxifying
enzymes and reactive oxygen scavenging, all in an attempt to optimize photosynthesis
while minimizing photeoxidative stress. In particular, genes involved with primary

metabolism and protein synthesis st®ngly affected by excess light intensity, which we
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ascribed to an increased investment in cell growth as an energy sink. A transfer to very
low light resulted in a lower photosynthetic performance and metabolic alteration, likely
indicatingstarvationln contrast to nuclear genes, most of the nucleomorph genes essential
for light responsiveness were lost from nucleomorph as there was onhycleemorph

gene differentially expressed in response to HL and none i®©¥ihe genes differentially
regulate by light, the majority (67%@ncodeaytosotargetedoroteinsor of an otherwise
unknown cellular localization. Only ca. 5% of the differentially expressed gamesied
plastidtargetedproteins A far greater proportion (20%) were predicted to be targeted to
the mitochondria, reinforcing the interconnectedness of the organelles and the importance
of the mitochondrial metabolic activities for light acclimation. Based on the top BLAST
hit identification of the differentialyexpressed genes, the proportion of gendh
photosynthetic eukaryoiaffiliated is around50%, while about 20%are from non
photosynthetic lineage This suggests that many harived genes are responding to
changes in ligt intensity | argue that integration of the gene response networks during
plastid evolution would have been simplified if both were responding to a common signal
initially, such as reactive oxygen species, so thalh@osynthetic stress resporsmild

more easilyintegrated into the host metabolism.
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2.2 Introduction

Chlorarachniophytes are one of the most evolutionarily enigmatic algal groups in
that they possess a plastid containing a vestigial nucleus, called a nucleaimatrywias
derived from arendosymbiotic green algddibberd and Norris 1984, McFadden et al.
1994, Ishida et al. 2007)During plastid evolution, many genes were transferred
horizontally from the endosymbiont to the host nucleus, resulting in a patchwork of gene
loss, gene replacement, and gene duplicafMfesnegreen 2015Horizontal gene transfer
(HGT) is a remarkable evolutionary process, allowing transfer of genes and increase
adaptation ability with another organis®aymond and Blankenship 2003Both
endosymbiont genes and halgrived genesmust be integrated to respond to
environmental stress. How the regoly network responding to changes in light was
acquired and integrated into the host is unclear, particularly in these diverse
chlorarachniophytes.

Characterizing changes of gene expression is essential to gain insight into the
regulatory networkor the adaptive responses to environm@ripezMaury et al. 2008)

There are various techniques used to analyze gene expressiluding a traditional
hybridizatiorbased method (cCDNA microarray) that is able to characterize a large scale of
changes in gene expression simultaneouRblative gene expression can be detected
according to the intensity of fluorescence or signaitted when the labelled cDNA in the
sample bound to the DNA probe on the affearca et al. 2006)r'hough cDNA micoarray
provided reliable results that can detect expression of thousand genes at the same time,
there were some limitations including high background signals from-bxts&lization

(Royce et al. 2007pnd the needor reference genome sequences. Recently, RNA
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sequencing (RNAseq), a higkthroughput sequencidgased approach, has been developed
to overcome limitabnsof existing methods that reduce the background signal. -B&A
generatsshort reads between 30 and 400 bp that can be aligssembled, and quantified
either de novo without genomic sequences or against the reference genome and transcripts.
Although RNA-seq is still under active development, the results have been verified with
the former golestandard method RPPCR (Wang et al. 2009)RNA-seq enables a large
scale comparisoaf changesn genetranscriptsbetween control and treated sampies
allows novel transcript discoverwhich has been used widely in both animal and plant
kingdoms. Many transcriptomic studies have employed FBEé@ technology to identify
transcriptome responses taarious stressedo understandmolecular mechanisms
regulating the stress responses. These include drought(Geeset al. 2015heat stress

(Liu et al. 2014)nitrogen deficiencyZhao et al. 2014, Shin et al. 2018)Ifur deprivation
(GonzélezBallester et al. 2010and light stress (Zhao et al. 2018his chapter will focus

on transcriptome responses under fluctuationgbit lintensities.

Transcriptomic studiesaveidentified a broad range of genes associated with both
increasing sink capacity via enhancement of protein and lipid metabolism and reducing
harmful products by activating antioxidant system in response teliglghstress, while
genes involved in light absorption and photochemical reaction are decreased. Microarray
datafrom Arabidopsistreated with HL showed an upgulation of antioxidant genes to
detoxify ROSs with a strong induction of chaper@emeoding gees, likely involved in
protein folding and assemb(fRossel et al. 2002, Kimura et al. 200@ene expression
profiling usng RNA-seq inPhyllostachys eduligmoso bamboo) treated withtines

higher light than its normal growth light not only showed increase of genes encoding ROS
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scavenging enzymes, but also a decline of genes involved in Calvin cycle and
photorespiratory mabolism (Zhao et al. 2016)In contrast a diatom,Phaeodactylum
tricornutum showed a rapid decline of genes involved in chlorophylietabolism and
antenna proteins during the initial and intermediate phases of a shift to HL. The
accumulation oftranscriptsencoding LHCXs, xanthophyll cyclenzyme, and ROS
scavenging systems were also shown to be crucial in photoprotective mec{idynsank

et al. 2009) These are all classic changes present among various photosynthetic organisms,
includingSynechocystis sfHihara et al. 2001andSynechococcus sfXiong et al. 2015)

in response to excessive light.

Since highlight stress causesa more severedetrimental effect on the
photosynthetic organisms, lelght stress receiv less attention.There are few
transcriptomic studies on this type of stress, however, lowd@fdight generally can
result in limited CQ assimilationand can influenceell growth and developmef(itiarte
and Purdie 1993, Singh and Singh 201Sun et al. (2014 indicated the lower
photosynthetic performance in response to-light stress(751 0 0 & MY of m
Cucumis sativus. was likely a result of reduced expression of Rubisco transcripts and
proteins.Cells acclimated to low light (2@mol m2s?t) in Chlamydomonas reinhardtii
exhibited a reduction of biomass and photosynthetic efficidncgddition,physiological
changes under low light generally includenggulation of antenna complexes and reaction
center synthesis, accompanied by increasihghlorophyll a and thylakoid membrane
synthesido improve the light absorption capac{§chanz et al. 1997, Bailey et al. 2001)

While there are many studies on the transcriptional responses of plants and green

algae, there are relatively few conducted on diverse organisms like the
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chlorarachniophytes. This is particularly interesting in this lineage since photosynthesis
was acquired laterally from a green alt@ organism, that &to a massive horizontal
transfer of genes from the endosymbiotic alga to the host nucleus. Howeteangferred
genes, and presumably a number of foogjinated genes, would have to be integrated into
a transcriptional network that could effectively respond the environmental stresses. How
the regulatory network responding to a classic photosynthesgfic stress, like changes
in light, was acquired and integrated into the host is an open question. The nature of a
light-dependent transcriptional response is compounded by the presence of an additional
genetic compartment in the chlorarachniophytése nucleomorpd that is a vestige of
the former green alga nucle(Gurtis et al. 2012)Suzuki et al. (2016)ecentlyreported
the transcriptional regulation during light/dark cycleBinnatans representing more than
a thousand genes that fluctuated during the diurnal/cell division cgilese mly two
nucleomorphranscriptswere significantly changed, they suggested thahtstnuclear
genes took over the transcriptional regulation involved in diurnal cycles from plastid and
nucleomorph during plastid evolution. However, all organisms hagecépability to
respond to diurnal patterns. So, we were interested in examining a specific photosynthesis
stress, namely excess and limiting light to examine the light response regulatory framework
in chlorarachniophytes.

In this study, | conducted a wieatranscriptomic profiling to gain a whole overview of
light-response capability iB. natans RNA-sequencing was performed on sdleated
with 4 hours of venjow light (VL) and highlight (HL) stresses. The response at the
transcript levels was greati@ilowing the shift to HL than VL stress. The transcriptomic

response oB. natango excess light resembles those in other algae and |fRossel et
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al. 2002, Nymark et al. 2009, Carvalho et al. 20Thgere were increases in expression of
genes involved iphotoprotection, primary metabolisms, and detoxification. The changes
in nucleomorph genes, in contrast, were minimal. Interestingly, the light response process
is not plastidspecific as more than half of the nuclear ligkgponsive genes were
predictedto be located in the cytosol or other compartments rather than chloroplast,
mitochondria, and secretory pathway. Additionadligput halfof the lightregulated genes

were prediatd to beof non-photosynthetic originindicating that many hosterived gees

were integratehto the light stress transcriptional network
2.3Material and methods

2.3.1 Algal culture conditions

B. natansCCMP2755was grown in liquid f/2 media with artificial seater
(Guillard and Rytler 1962, Guillard 1975From a seed culture, experimentaltares were
started by inoculating000ml Erlenmeyer flaskat a cell abundance ak1C cellsmli™,
Cultures were done in triplicate for each growth conditAdhcultures weregrownunder
a12:12 hour lightdark cycleunder low light(LL, 60 umole quanta.risect) at 24C and
bubbled with air continuously faa minimum of 72 hours.Oncethe cultures reaobd
approximately3 T 1 0 ml¢ @dudllysby 4 days)the cultureswere either left in LL,
transferred to very low lightML, 20 umolequanta.rif.sect), or placed undehigh light
(HL, 400 pmole quanta.rhsec?) for 4 hours Cultures were transferred to the new light

condition an hour after the start of the light period
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2.3.2 Cell abundanceand chlorophyll extraction

One ml of culture was f i {leohdsemil978&nda dr op

counted with a NeubaueaemocytometeFor chlorophyll extractiorB. natansells were
collected by centrifuging dt2,000x g at4°C for 5 minutesThe supernatant was removed
and the chlorophyll extracted with 80% acetdués) by vortexing The mixture was
centrifugedfor 5 min at 12, 000 x g and tlsepernatants measdrat 664, 647, 750, and
470 nm with BeckmanCoulter DU720 spectrophotometeZhlorophyll concentrations

were calculated according to the equations of Reired (1989).

2.3.3 Fluorescence and Oxygen evolution measurements

To monitor chlorophyll fluorescence yiel8, ml of B. natansculture from each
light condition were daracclimated on ahakerfor 10 minutes, then filtered on to a glass
microfilter fibre disc(Whatman GF/C)Chlorophyll fluorescence was directly measured
off the disc using AM 101 chlorophyll fluorometer (\iz, Germany. A saturating light
pulse of 2000 pmotjuantam? s* was applied to each sample in order to measure-dark
acclimated maximum fluorescence yield (Fm) aimelmaximum quantum efficiency of
Photosystem Il (Fv/Fm)

Oxygen evolution was measured in 2 ml of liquid cultures on day 4 with an addition
of 10 mM sodium bicarbonate using a Clathkpe oxygen electrode (Hansatech
instruments, England). The measurements were done before and after toartbfer
cultures to the different light treatments (VL and HL) to follow the photosynthetic impacts

of the transition. @measurements were conducted at the treatment light intensities (LL,
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VL, HL), followed immediately by a dark treatment to estimate rates of respiration.

Oxygen rates were normalized to cell abundance.

2.3.4 RNA extraction and lllumina sequencing

RNA was exracted fromB. natansusing a modification of the protocol described
by Curtis et al. (2012)After 4 hours of each light treatment, cultures were harvested and
centrifuged at low speg@,000x g) at £C for 15 minutesCells were resuspended in an
RNA extraction buffe(150mM Trisbase; 50mM sodium tetraborrate; 50mM EDTA; 2%
SDS; 1-%ercaptoethanoBndthe tubegentlyinvertedwhile heating at 6%C for 10
minutesin a water bath. The mixture was then homogenizedHotterElvehjem tissue
grinderprior to extracting with an equal volume @floroform:isoamyl alcoho(24:1)to
remove proteisand carbohydrageRNA wascentrifuged at 11,000 x g for 15 minutes and
thenprecipitatedn two volumes 085% ethanqlfollowed byresuspending ideionized-
distilled waterand reextraction with 1:1 phenalhloroform solutiontwice RNA was then
precipitated by adding 1/f&/olumeof 3M sodium acetatpH 5.2 and2 volumes 005%
ethanol The RNA solution was pelleted by centrifugation, followed 8% ethanol wash.
RNA wasresuspenderh deionizel-distilled waterandre-precipitated witha half volume
of 5M lithium chlorideat 4°C overnight. The RNA solution was then centrifuged at high
speed 12,00@ g at4°C for 15 minutes and washed with 70%aatbl. Finally, the RNA
pellet was resuspended ia small volume of deionizkdistilled waterand kept in the
80°C freezer until needed

RNA samples were treated with 2000U DNasel enzyme (ThErsher Scientific,

MA, USA) for 30 minutes at 3T to remae any contaminating genomic DNA. DNasel
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was inactivated by adding 5 mM of EDTA and heating 4C7#6r 10 minutesin order to
have high quality of RNA for sequencirthe RNA sample was further purified using the
RNeasy plant mini kit (Qiagen, MD, USARNA quality was assessed using &#&60/280
and A260/23@&nd the integrity of the RNA was checked dh2£6 formaldehyd@agarose
gel.

Total RNA was sento McGill University and Géome Québec Innovation Centre.
Complementary DNA (cDNA)libraries weregererated from 250 ng of RNA with
lllumina-Truseq stranded MRNA library preparation Kbly-A selectionusingOligo-dT
beadsto capture polyA tails was usedo purify mRNA molecules from the total RNA.
The mRNA was then primed with random hexamers to genfinststrand of cDNAusing
reverse transcriptasdollowed by secondtrand synthesisAdapter sequences were
subsequently ligated to the cDNAllowing the multiplexing of different samples (9 in
total) to be sequenced in the sanmmplfedne of
by Polymerase Chain Reaction (PCR) to creataotal of nine cDNA libraries

(http://support.illumina.com/three replicates for each light treatment (VL, LL, and .HL)

The ninecDNA libraries were then sequenced on an lllumina HiSeq40&@orm with
pairedend runand 100 bp in lengt(2x100 bases) on a single flow cell. Nuenlof reads
(sequencing depth) generatednfréhe sequencing for each library (paired readsied

from 82to 101 million (supplementary data, Table A2.1)
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2.3.5 RNA-seq analysis pipeline

2.3.5.1 Adapter trimming

Adapter sequences added during library construction were removed using the
Flexible Barcode and Adapter Remover (FLEXBaé&tsion 2.4 program. A minimum of
7 bases was required to match the adapter sequence, which was removwb@ 8a@n e n d
(or right end of the read Thefirst 13initial baseson t he 506 end (or | ef
were removed to discard poor quality bases. The maximum uncalled bases was 300 and
minimum read length after trimming was 25 bag@&odt et al. 2012) FastQC
(https://www.bioinformaticdbabraham.ac.uk/projects/fastqc/) was then used to check the

quality of the sequence data prior to downstream analysis.

2.3.5.2RNA-seq reads alignmerg

Bigdowiella natansvhole genome and gea@notation was downloaded from JGI
(Curtis et al. 2012andused as a reference genome amdferencegene annotatiofor
mapping, respectively TopHat2 version 2.1.1 (Kim et al. (2013)
https://ccb.jhu.edu/software/tophat/manual.shtrdsemployed to perform the alignment
as it is a fasspliced digner, capable of mapping reads spiaig intron regions. The
reference genome was indexed by Bowtie2 version 2L28gmead and Salzberg 2012)
prior to runningon TopHat2 in order taetrievetheir positiors rapidly. TopHat2 first
mapped reads to the transcriptome annotation file, the unmappedvaddshen map to
the reference genome file as the already mappads wereconverted into genomic
sequenceslhe library type was set as first strand to instruct TopHatttieasecond read

came from the original RNA strand, while first read was from the opposite strand. The
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innermate distance or a gap between two reads was set at 50 bp (default). Maximum
number of insertions and deletions allowed was 3, while a given reiti ltave up to 20

alignments to the reference genome based on their alignment scores.

2.3.5.3 Differential gene expression and hierarchical clustering analysis

Cufflinks version 2.2.XTraprell et al. 2012Wwas used to assemble all the aligned
reads from TopHat2 against reference gene annotations, creafingcriptome assembly
and estimating transcript abundandaesger transcripts produce more fragments than the
shorter transcriptsra each replicate has different numbers of reads; therefore, reads that
map to each transcript have to be normaliz
Cufflinks takes both into account and provides a normalized count as fragments per
kilobase @ transcript per million mapped fragments or FPKWrapnell et al. 2010)
Transcriptome assemblie$ nine librariesverethen merged together using Cuffmerge, a
tool in Cufflinks package, to generate a master transcriptome for use in Cuffdiff.
Expression levelof genes and transcripts along with statistical analysis for testing
significant changebetween libraries was gama¢ed from Cuffdiff. OQutput from Cuffdiff
can be directlymportedinto CummeRbund, a package infBr visualizationTrapnell et
al. 2012) Details of the RNAseq analysis pipeline we efagedare described bjrapnell
et al. (2012 and Griffith et al. (2015) Differentially expressed genes (DEGs) were
determined by two criteria. First, they must have correctealye False Discovery Rate;
FDR) < 0.01 and, second, a ¥dgld change (EC) <-1 or > 1.Benjamini and Hochberg
correction is taken into accound tontrol for type | errors and provides the FDR.

Clustering analysis was then performed to determine the transcriptional networks of DEGs
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using Cluster 3.qDe Hoon et al. 2002)The FPKM values of each gene wereziog
transformed and centered by dien values. Hierarchical clustering with a complete
linkage was then apield and the cluster of DEGs weasualized by Java TreeView 3.0
(Saldanha 2004 )Nucleotide sequences of the DEGs dataset were extracted and input to
Blast2GO prqGotz et al. 2008)o predict gene descriptions based on green algae, green

plants, and cercozoan databases, respectively, via BLASTX.

2.3.5.4Gene set enrichmentnalysis and pathwayvisualization

The Biological Network Gene Ontology tool (BiINGO), a plugin implemented in
Cytoscape (V3.2.QMaere et al. 2005was used to analggene enrichment from DEGs.
Up- and down regulated gene lists from DEG data of both LL to HL and LL to VL shifts
were further assessed based on Gene Ontology (GO) terms downloaded from JGI
(https://genome.jgi.doe.gowb determine which function, procsnd cell component the
gene sets are significantly ovepresented. BINGO uses hypergeometric test to
determine the enrichmentofaGOtermfribrau s er 6 s g e n e ssignificanaend c al
as Pvalue (default is 0.059nd FDR

Protein sequencesf DEGs data from both conditions were submitted to KASS
(Moriya et al. 2007jor KEGG annottion based on best hit from Smitlaterman scores.
We selected 38 organism databases as a reference dataset (supplementary data, Table A2.2)
for the KEGG annotation and obtain&EGG orthology (KO) identifiers, or the K
numbersfor each gene in DEGs. KEG@&thology was then mapped tioe PATHWAY
database to visualize changes of gene expression in metabolic pathways using Pathview

R/Bioconductor packagé.uo and Brouwer 2013)
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2.3.5.6 Subcdular localization prediction

Amino acid sequences of differentially expressed genes in response to HL and VL
were extracted and used as inputs for subcellular localization prediction. BBcaasgns
plastidtargeted proteins have a bipagtifN-terminal targeting domain that starts with a
signal sequenc@Patron and Waller 200,7/yenes predicted to have signal peptides from
SignalP 4.1(Petersen et al. 201Were separated from the others and used as input with
ChloroP 1.1(Emanuelsson et al. 199@nd PredAlgo(Tardif et al. 2012)prediction
programs. To maximize accuracy, sensitivity, and spégifithe signal peptide (SP)
sequences were trimmed off according to their cleavage sites generated from SignalP 4.1
using a Perl script. Those proteins that had a positiler@hor PredAlgo prediction after
SP cleavage, were considered to be plastid targeted, while the rest were interpreted as being
part of secretory pathway. Sequences lacking a predicted signal peptide were analyzed
using TargetP 1.{Emanuelsson et al. 200@hd PredAlgo. Sequerspredicted to have
mitochondrial transit peptides (mTPsxing either TargetP or PredAlgo were considered
to be localized to the mitochondria. Sequences not meeting any of these criteria were

considered to be cytosolic or located in other cellular locations.

2.3.5.7 Identifying origin of gene-encoding proteins fom DEGs dataset

Protein sequences of DEGs dataset were extracted and performed BLASTP against
nonredundant protein database (nr) using Blast2Go B&xitz et al. 2008)Top-blast
hits were then exported to examine origins of each gene maiiBaiblue cut off 169).
Phylogenetic trees generated by RAXML were retrieved foumtis et al. (2012}o

validate our results. From 2491 Hegulated DEGs, there were 929 gef@swhich
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phylogenetic treeaereavailable. We randomly took 30 genes to examine whether the two

approaches relered matching results.
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2.4 Results

2.4.1 Physiological response

Cells grown under low light (LL) were transferred to either 4 hours of high light
(HL) or verylow light (VL) and the physiological response assessed by measuring changes
in cell abundance, chlorophyll content, and chlorophyll fluorescence. After 4 Hddks o
there was a substantial drop of maximal fluorescence yield (Fm, Zableorresponding
to a significant decline in Fv/Fm to 0£20.06 (p=0.0000114 oneway ANOVA, Tukey
test), indicating photodamage to PSWL-treated cells, on the other hantiowed no
change in Fv/Fm compared to the control (T&blg. There were, however, clear changes
in photosynthesis as assessed by the rate of oxygen evolution under the different light
treatments. Photosynthetic rate increased by 33% after 10 minutes ehifiLand
remained high for the-Aour incubation (Fig. 2.1A). While photosynthesis declined by
70% after transferred to VL for 10 minutes and remained low for the whole treatment
period (Fig. 2.1B). The dark rate ot @onsumption, representing an estienaf cellular
respiration, decrease transiently after 10 minutes of HL stress, but was otherwise
unchanged over thelour treatment period. There was little significant change idatHe
rate of Q consumption following transfer to VL over thehéur ircubation.While there
were clear physiological effects in response to the light changes, cell abundance and
chlorophyll content per cell were not significantly different after 4 hours except for a small,

but significant, increase in the chlorophyll a/baatnder HL relative to LL (Tablg.1).
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2.4.2 RNA-seq analysis

The quality of RNAseq raw reads was checked after trimming using FastQC to
ensure the reads were good quality for alignment and transcriptome assembly. We obtained
between 88 and 101 milio(paired) reads from each thie nine libraries, of which more
than 90% were successfully mapped to the reference genome using TopHat V2.0
(supplementary data, Table A2.3). The normalized counts (FPKM) from Cufflinks were
generated and parsed to Cuffdidf quantify expression level between treatment (VL or
HL) and control (LL) samples (see Methods section). We used a multidimersoatiag
(MDS) plot from CummeRbund to determine variability and estimate similarity among
replicates and samples in theatksdts. Samples from different treatments clustered together
and were separated from each other as shown in (Fig. 2.2). Although there were a couple
outliers within sample groups, such as LL1 and HL1, the analysis suggests that these
samples can be usedextfively as replicates to examine differential gene expression.

Genes were considered differentially expressed if tkialoe (corrected palue)
was < 0. 0 1foldachadggltFC)avask bogk 1 (Fig. 2.3). In HL, we identified
2,491 differentially expressed genes (DEG), which was 11.5% of the total number of
annotated. natangyenes (21,708, Curtis et al. 201@nder VL, there were fewer DEGs
with a total of 543 (or 2.5%). In response to HL, 60ERDEGs were upegulated and 40%
were downregulated. In contrast, 23% of DEGs wereragulated and 77% were down
regulated under VL. While most (94%) of the DEGs were regulated under a single
condition, there were genes inversely regulated betweenndLHd.. For instancethe
expression o74 genes thawasup regulated under HL streg®re dowrregulatedunder

VL, and most of these were involved in photosynthesis (antenna proteins), carbon
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metabolism, and vitamin B biosynthesis (Fig. 2.4). Similarflyy,g2nesshowed reduced
expressionunder HL, increasedxpressiorunder VL. These included PSIl components, a
serine protease htra2 SAM-dependent methyltransferaseserine threonine kinasand

a nonspecific phospholipase C6. However, 16 and 52 gewres either caip or ceadown
regulated under HL and VL, respectively (Fig. 2.4). Thaipoegulatedgenes included a
pyruvate kinase, a chaperonin, and an RdAding protein Pentatricopeptideepeat
proteins; PPR), while the top -cmwnregulated geneselated to leucingich repeat,
sodium calcium exchanger, and a GTPase.

When the expression lewedf the DEG datasedre displayed in a hierarchical
clustering heatmap, it is clear that Vand LL-treated samples are more similar to each
other than to th HL-treated sample (Fig. 2.5). This similarity between VL and LL was also
seen in the close proximity of the two conditions in the M1 dimension of the MDS plot,
whereas HL samples were more distinct (Fig. 2.2). We then analyzed functional enrichment
of our DEG dataset based on gene ontology (GO) using BINGO with a custom GO
annotation available fd8. natansat JGI fittps://genome.jgi.doe.ghvGO terms that were
significantly ovefrepresented irthe HL upregulated DEGs were involved in cellular
ketonemetabolism, cellular amine metabolism, and coenzyme metabolism (Fig. 2.6A).
Up-regulated DEGs in VL were few in comparison, but enzymes involved with nucleoside
and coenzyme A metabolic processes were represented (Fig. 2.6B). Hiretpiated
DEGswereer i ched broadly in enzymes annotated
broad group of enzymes involved in electron transfer reactions, plus@oéyhydratase
activity, which is a component of the beta oxidation of fatty acids (Fig. 2.6C). @Gwtes

were downregulated undeWL, however, had enriched GO terms ovepresented in
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monocarboxylic acid metabolism, cofactor metabolism, coenzyme metabolism, and genes
involved with protein localization (Fig. 2.6D). While the GO term enrichment provides a
broad overview of the changes, the DEGs were also mapped to KEGG pathways to have
better understanding of changes in metabolic pathways due to light stress (map01100;
supplementary data, Figure A2.1). The alterationsexjiression ofgenes encoding
enzymesn different metabolic pathways are divided into four categories as shown in the

next section.

2.4.3 Transcriptional changes in response to HL

Many of the differentially expressed genes responding to HL stress were involved
in carbon fixation and metabatis(Fig. 27, coloured boxes and supplementary daig,
A2.2). The carbon metabolic pathways affected included glycolysis, pettosphate
pathway (PPP), the tricarboxylic acid (TCA) cycle, and the Cdbénson cycle
(supplementary datekig. A2.2). Mast of the genes involved in glycolysis, the core
pathway of glucose metabolism, were-negulated, though to different degrees. For
instance, the gene encoding pyruvate dehydrogenase (E.C. 1.2.4.1), triosephosphate
isomerase (E.C. 5.3.1.1), phosphoglytetanase (E.C. 2.7.2.3) and pyruvate kinase (E.C.
2.7.1.40) had a large increase from 2.5 to 3.1 LFC, while the expression of genes encoding
the other enzymes differed by about 1 LFC. The perftbssphate pathway (PPP) is an
anabolic pathway associatedttwthe production of reducing equivalents (NADPH) plus
precursors for a variety of anabolic pathways, including nucleotide and fatty acid
biosynthesigBerg et al. 2002)Genes encoding the PPP enzymes in theoxatative

phase, ribosphosphate pyrophosphokinase@E2.7.6.1), ribos&-phosphate isomerase
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(E.C. 5.3.1.6), and transketolase increased by up to 2.7 LFC. The expression of some genes
involved in the TCA cycle, the oxidative pathway in the mitochondria, were also affected,
including two copies of pyruvaitehydrogenase (E.C. 1.2.4.1) that exhibited a very large

3 LFC. Predictably, genes encoding Cal@enson cycle enzymes, such as RuBisCo
(4.1.1.39), fructosd,6 biphosphatase (3.1.3.11), phosphoribulokinase (2.7.1.19), and
sedoheptulosé,7 bisphosphatag3.1.3.37), were all ugegulated fedboxes, Fig. 2.7) up

to 3.2 LFC. Overall, genes that function imnabolic and catabolic carbon metabolic
pathways weraffectedby HL.

Many genes associated with protein metabolism showed a stiarnge in
expressionunder HL (supplementary data, Table A2.4). The expression of ribosomal
proteingene transcriptwas dramatically influenced by HL, wiB¥ out of 8 genes having
between a 1.2 to 3.8 LFC. There was also elevated expression ofegeneing
translaton initiation fadors and aminoacytRNA syntheases (23 LFC). Along with the
increasd expression ofjenes involved inprotein synthesis, HL also increasedression
of genes involved in protein degradaticuch asseveral polyubiquitin genes (up 805
LFC). In addition, high-light stress increases the accumulation of chapegere
transcripts like those forheatshock proteins. Even though this group of prat@ms not
shown in the functional enrichment analysis, they have a marked responsestest.

We detected six genes predicted to encode Ha&Rwere all elevated in HL stress. There
was a strong upegulation of HSP70BnRNA with 2.2 LFC, along withthose encoding
other HSPrelated proteins (Table 2.2).

Reactiveoxygen species (ROSs)ea produced when the light exceeds the

photosynthetic capacity for utilization, leading to photodamage. There was an obvious
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transcriptional response to an increase (or anticipated increase) in ROS as evidenced by the
changes in expression of a varietyRDS detoxificationenzyme transcripté~ig. 2.8).
Many of these included thigkactive enzymes involved in redox regulation and ROS
detoxification. For instance, sevdmnoredoxinrelated genes were differentially expressed,
of which six were upegulatedunder HL stress. Thioredoxttependent peroxidase and
thioredoxin h2 strongly increased by 3.4 and 2.3 LFC, respectivelythesmdesponse
correspondetb an upregulation of peroxiredoxins, which work together to remove ROS
(Goyer et al. 2002) The epression of glutathionetransferase, an enzyme family
involved with cellular detoxificationMarrs 1996) was complicated as sonfamily
members strongly increase with HL exposure while others decreased.8yigA variety
of enzymes involved with hydrogen peroxide detoxification, such as glutathione
peroxidase and cytochronegeroxidase, also had complex regulatory patterns indicative
of unique functional roles within the cell.

The expression of genas/olved invitamin B biosynthesisterestinglyexhibited
a clear pattern upon 4hr HéxposurdFig. 2.9). Several genes encoding enzymes involved
in riboflavin (vitamin B2), pyridoxine (vitamin B6), tetrahydrofolate (previously called
B9), and cobalamialso known as B12) metabolism were altregulated from 1 to 2.7
LFC. Elevated expression of genes encoding carotenoid isomerase (1.9 LFC), carotenoid
oxygenase (1.4 LFC) tocopherol cyclase (1.1 LFC), and gamma
tocopherolmethyltransferase (1.9 LR@gre also observed, which is likely part of a non
enzymatic antioxidant system.

The last group of genes thabasinfluenced by HL washe one involved irfatty

acid metabolism. Seven genes encoding enzymes involved in fatty acid metabolism
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showed a clear upegulation, including genes encoding plastid a&frier proteins,
stearoyldesaturasebetahydroxyacyldehydrataseshort-chain dehydrogenase reductase,

andACP transacylasdetween 1 and 2.7 LFC as shown in the table 2.2.

2.4.4 Transcriptional changes in response to VL condition

Following transfer from low light to verlow light (VL) condition for 4 hours,
more than half of 543 Vregulated genes were dowegulated (76%). According to GO
analysis (Fig. 2.6D), one of the most ovepresented, dowregulated groups were
membrane transporters (localization category) plus genes involved in small metabolite and
carbon metabolism (small molecule metabolism, organic acid metabolism, carboxylic acid
metabolism, and so forth) (Fig 2.6 and supplementagy, éfég. A2.2, colored dots). There
is also a decline in four genes involved in coenzyme and cofactor biosynthesis (Fig. 2.9),
ultimately indicating a general depression of biosynthetic reactions. There were far fewer
clear trends in genes upregulated undeK24%), but increases in the expression of some
PSII subunits, usually by -85 LFC, was observed under VL (supplementary data, Fig.
A2.3, colored dots). Interestingly, genes encoding three enzymes involved in
gluconeogenesis, mitochondrial redox testaand glycolysisg pyruvate phosphate
dikinase, glycereB-phosphate dehydrogenase, and pyruvate kipasere all increased

by 2, 1.3, and 1.2 LFC, respectively.

2.4.5 Nucleomorph DEGs

The nucleomorph genome is a compact, reduced remnant of the nucleus from the
greenalgal symbiont from which the plastid evolved.Bnnatansthe nucleomorph has

331 identified genegGilson et al. 2006pn three chromosomes. We alignetlA-seq
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reads against the nucleomorph genome separately. While there were 20 nucleomorph genes
(6%) from three chromosomes that responded to changes in light intensity over four hours
that were statistically significant (corryalue < 0.01), most did naheet our second
criterion of having a LFC of >1 o«t-1 under either light condition. Only a single gene
encoding a hypothetical protein from chromosome 1 was differentially expressed
according to our criteria, and it decreased under HL just at the cuatioié wf 1 LFC
(supplementary data, Table A2.5). None of nucleomorph genes reached our DEG criteria
under VL. Overall, the transcriptional response of the nucleomorph to light stress is
minimal. However, genes encoding chaperone proteins (HSP70, dnaK S&DHthat

are responsible for folding and turnover of proteins showed a high abundance in both high
and very low light compared to low light conditiancording to their FKM values (Fig.

2.10.

2.4.6 Predicted Subcellular Localization of DEGs

We also pedicted subcellular localization of proteins encobgdight-regulated
genes using sever al predictor tools (See
of the cellular response to light. The majority of the genes in the VL and HL datasets encode
proteins that are not targeted to the endomembrane system, the chloroplast, or the
mitochondria (70% and 67 %, respectively, Table 2.3). This predicts that they are likely in
the cytosol, nucleus or any other cellular compartment not part of the endomembra
system. The subcellular location of the other proteins was similar in proportion for both
light conditions. Of the total, 3.5% (VL) and 5.8% (HL) of the proteins encoded by the

DEGs are predicted to be targeted to the plastid (Table 2.3). These pmobeild have a
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predicted signal peptide (SignalP) followed by a chloroplast transit peptide (ChloroP or
PredAlgo), as described byogers et al. (2004) Of course, the plastid in
chlorarachniophytes is complex with several potentitaplastiddestinations, and our
predictons do not differentiate between them. While most of theséigplasgeted DEGs

were photosynthesiselated 13 of 47 ofHL genes encoding ribosomal proteins also
contain potentiaterminal chloroplast transgeptides (cTPs) and exhibited an inctine
expressioriollowing HL exposure, suggestingelevated protein synthesis in the chloroplast.
All proteins lacking a predicted signal sequence were analyzed using TargetP and
PredAlgo to screen for mitochondr@rgeted proteins. If either tool predicted a
mitochondriattransit peptide (mTP) in a sequence, that sequence was considered to be
targeted to mitochondria. The number of predicted, fighgulated mitochondrial genes
was substantial, being 16.6% and 21.0% of the DEGs in VL and HL, respectively.
Howe\er, these prediction ¢ds are not optimized for chlarachniophytes and as a result

have to be interpreted with caution.

2.4.7 Evolutionary origins of light-regulated DEGs

At first blush, it is logical to expect that the liglgtgulated transcripts would
ultimately have come from the photosynthetic endosymbiont. To test thi$ ateampted
to identify whether the lightesponsive genes arose from an algal endosymbiont (green or
other) or had a nephotosynthetic host origin, presumably the host. FroBLASTP
search of Genbank using the identified DEGs, 2€niagt hits were obtained for each. The
first hit with E-value < 10'° was selected for interpretaticor, if it was a sekhit, then the

next one on the list was used. In total, there were 1618eglulated and 316 \Vkegulated
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genes that surpassed ther&ue criterion(data not shown More than half (55%) of HL
responsive genes had the proportion of genes derived from groups containing
photosynthetic taxa to photosynthetic groups, while 39%éahtap BLAST hit to non
photosynthetic groupsncluding opisthokonts, amoebozoa, excavates, bacteria, and others
(Fig. 2.11 top). Of the photosynthetic groups, t+ifths wereclearly related to a green
alga/plant protein and the rest included red atigaived plastidorganisms (red algae,
stramenopiles, alveolates, cryptophytes, and haptophytes) and cyanobacteria. In the VL
dataset, there was a similar diversityrerethe contribution of hits frorthegreen lineage
(15%) was smaller than that from nphotosynthetic group (44%) and 38% were from
other photosynthetic taxg&ig. 2.11 bottom) While using the top BLAST hit to evaluate
evolutionary origins fast, it is not necessarily the most accurate approach. To validate the
approach, 30 phylogeneticetrs were randomly selected from tree analysis contained in
Curtis et al. (2012and examined for gene origin. This limited assessment gave the similar
results to our blast hit data. Overall, liglegulatedranscripts have a diverse evolutionary
origin and not all originated from the endosymbiont that gave rise to the plastid in

chlorarachniophytes.
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2.5 Discussion

Chlorarachniophytes obtaindtieir plastid secondarily from an endosymbiont
green alga and still possess a vestigial endosymbiont nuttiensicleomorph{Archibald
et al. 2003) During the secondary endosymbiosis, tlhegerwentextensive horizontal
gene transfe which had profound effegbn the photosynthetic apparatuesulting in a
large modification that greatly impactthe PSI reaction center and antenna composition
(Koziol et al. 2007, Curtis et al. 2012, Neilson et al. 20THese modificgons were
suspected to affect their ability to cope with light strassitheir antenna regulation was
recently investigated\eilson et al. (2017¢haracterized antenrfanctions of19 LHCs
detected irB. natansdbased on their transcript abundateeels. The photoprotective role
was suggested for divergent antenreigmenopildike LHCX and LHCZ geneswhile
other LHCII and LHCY genes mostly had a moderate dealnaier HL stress limit light
absorptionunder HL However, the general mechanism in response to light stress is
unknown. Withthebenefit of an available complete whole nuclear genome, we conducted
an RNAseq experiment texaminetranscriptomic changes response to either excess or
limited light in B. natango better understand the photoprotective mechanisms via general
regulated pathways in the cell. natangdisplayed an incorporation of many pathwys
detoxify harmful byproducts like ROSs andcrease energy consumption in response to
4 hr- HL, while a shift to VL exhibited an indication of lower photosynthetic performance
and cofactor biosynthesis.

The acclimation strategiés natansemployed in response to HL share similarities
to transciptional changes observed in green alfjaeet al. 2003Erickson et al. 2015)

plants(Rossel et al. 2002, Murchie et al. 2005, Zhao et al. 2@i&joms(Dong et &
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2016)and even cyanobactel(dihara et al. 2001)The most obvious of these respenss
an increasgexpression of genes involved in reactive oxygen species (ROS) detoxification
and primary metabolism (lipid, carbon, and protein). Time KL treatmentvas clearly in
excess as photosynthetic rates remained high and PSII quantum effidiedined,
indicative of PSIl damage, forcing the cells to acclimatee excessive energy absorbed
into the system leads to formation of triplet chloroplaythat can lead to ROS formation
that is harmful to the cell componeriidéiyogi 1999) Both enzymatic and neanzymatic
antioxidants, including glutathione peroxidases, superoxide dismutases, catalases,
peroxidases, tocopherols, ascorbates, and carotenoids, are essential to detoXPafROS
and Roychoudhury 2016B. natansinducedthe expression of a variety of antioxidant
genes, such as glubibne peroxidases, cytochronme peroxidases, carotenoid, and
tocopherol synthesias commonly observed ptants green algae, and diatorfk&rpinski
et al. 1997, Kimura et al. 2003, Ledford et al. 2007, Nymark et al. 2009, Zhao et al. 2016)
We also found strong incaised levels of severgénes encodingnzymes imperoxiredoxin
andperoxidase group Peroxiredoxins (PRXs) work together with thioredoxins to buffer
ROSs produced under light stress. We have identified two genes encoding PRXs, including
PRXs type Il, modrately increased in response to HL, which is similar to observation in
A. thdiana leaveg(Horling et al. 2002, Lamkemeyer et al. 2006)

The changes vitamin Bmetabolism genesvhich function to producprecursors
of cofactors in various enzymatic reactions, ateguing aghese geneare susceptible to
many stress conditions bate not wdl studied The accumulation of ROSs can cause
oxidative damage tonany compounds in the cell, leading to cofactor damage and

ultimately vitamin Bdeficiencyunder stresgHanson et al. 2016)T'he elevated mRNA
59



level of genes associated with enzymes in vitamin B biosynthesis matansnot only
correlates to increasing growth rateder HL stres@Neilson et al. 2017but also identifies

a potential rolehey may playn detoxifying ROS. Supporting this, & thalianamutants
deficient in pyridoxal synthase (pd8lmutation) or vitamin B6,show increasedinglet
oxygen after expageto high irradiancendincreagdlipid peroxidation relative to wild
type leavegHavaux ¢ al. 2009) Ouyang et al. (2010)dditionally,showed the severe
photooxidative damage under HL dofie phsl mutant ofArabidopsis (the PHS]
At3g47390gene encoels aprotein containing riboflavindeaminaseeductase domain)
as shown with its high antioxidant taity and severe reduction of photosynthetic
components.

Minimizing ROS production is another major strategy for dealing with excess light,
and to do this the cells can reduce hbhtrvesting capacitfMaxwell et al. 1995)induce
photoprotection mechanism@iyogi 1999) and increase theemand (or sink) for
reductant produced via the light reactions to alleviate the accumulation of redDetaist
et al. 2013)the latter of wiah will be discussed later. Changing the light harvesting and
photoprotection capacity work haimithand. InB. natansthe rapid and large decrease in
PSII efficiency under HL, commonly observed in plants and algae, indicates elevated PSII
damage and enhaed quenching mechanisms, which can effectively reduce the light
harvesting capacity and induce photoprotectidthile some PSitcomponents were
upregulated, perhaps indicative of PSIlI repair procegSeasse et al. 2011)pthers
decreased. For instance, there was a clearedse in the expression of genes encoding

PsbQ and PsbR that could reflect photoinactivation under HL as these proteins are required
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for PSII activity(Allahverdiyeva et al. 2013)These changes of PQibmponents may be
related to PSII turnover during HL stress.

Increasing sink capacity is another strategy for surviving in the preseegeeass
light, which is well described for plant€how et al. 1991, Morin et al. 1992, Rossel et al.
2002) In plants, the sink can be the production of stdWalters et al. 2003and the
synthesis of sucrose for transport to distant cells and o(gansine et al. 2013)n B.
natans the sink capacity sens to manifest itself in the form of incredsarbon fixation,
as evidenced by the enhadcexpressiof many genes encoding CalviBenson cycle
enzymesMiller et al. (2017)identified increased protein levels involvedtire Calvin-
Benson cycle under HL iA. thaliana The increase dEalvin cycle enzyme activity has
shown to be related toigher maximal photosynthetic rate as indicated riadescantia
albiflora (Chow et al. 1991)Similar to plants, the Calvin cycle activity and the relative
content of enzymes ithe Calvin cycle inChlamydomonas reinhardtand Chlorella
sorokiniana respectively, wre enhanced upon HL exposurehich wouldincreasethe
demand for NADPH and ATPproduced via the light reactions, ultimately reducing
excitation pressure but preventing NADP+ and ADP limitation (Bonente et al. 2012, Xie
et al. 2016)

The concept of sink may seem a little foreign in unicellular organisms. In this
context, it seems that the investment in cell division is itself a form of energy sink to which
excess reductant can be divertddeilson et & (2017) observed an increase in growth rate
in B. natansunder higher light intensities, something that is common amongst green algae
(Wilson and Huner 2000, Davis et al. 2018)y HL transcriptomeresults showan

increased expression génes fora suite of metabolic enzymes necessary for supporting
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elevated growth rase These includéipid and carbon metabolism plus an elevation of
protein synthesis capacity. Some lipid metabolic genes also increased after a shift to 4
hours under HL. Several genes encoding stearoyl desaturases and acyl carrier components
were clearlyup regulated, which would be expected for an increase in membrane
biosynthesis, enhancing membrane stability during HL as suggestgden algae and
diatoms (Thompson 1996, Dong et al. 2018Yhile these increases could be involved in

the synthesis of cell membranes to support enhaceiédivision, lipid metabolism may

also an indicator aflevatedipid content a responsthat iscommonly found in other algal
specieswhen subjected t@ variety of environmental stress such astemperature,
nutrition starvation, and light intensifRabbani et al. 198, Solovchenko et al. 2010,
Simionato et al. 2011klevation ofcarbonmetabolism may also participate in consuming
excess reductant under HL to support increasing cell growth. As an example, genes
encoding enzymes iglycolysis, tricarboxylic acid cycle, pentepbosphate pathway, and

the CalvinBenson cgle were mostly wegulated. These metabolathwaysare often
seenup-regulatedin plants( Wul f f Zottel e et al . 2010, Jar
Fernie 2012, Dyson et al. 201&)d alga€Parker and Armbrust 2005, Johnson and Alric
2013) exposed to HL, correlatingiith starch accumulation. Interestingly, the increase
expressiorof genes encoding TCA cycle enzymes wereasdbociated witlthe transition

from pyruvate to acetyl Co A and the first part of the cycle (citrate formation), while
expression ofjenes encoding enzymes in the latter part of the cycle were all decreased.
This suggsts thatunder HL that generates excess energy and reductants, they are funneled
through fatty acid and amino acid biosynthetic patravather than completg the cycle

to produce more reductant (supplementary diig, A2.2. Moreover, the increade
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expression of gerein PPP were mostly in the naxidative phase likely to use excess
energy for glycolytic intermediates and nucleotide biosyntheBis.natans clearly
stimulates biosynthetic pathways to consume excess energy, preventing accumulation of
toxic byproducts and oxidative damage.

Additionally, there vas asignificantenhancement @xpression offenes encoding
ribosomal proteins, amiracid tRNA synthetasesnd translationinitiation factors, all
suggesting that protein synthesis and metabodiseenhanced. This could clearly help
balance protein synthesis and degradation during the HL ¢ielon and Millar 2015)

For instance, turnover of oxidatively damaged proteins, sisctheD1 reaction center
within PSII, is well known(Greenberg et al. 1987cBusteret al. 1988)However, these
transcriptome changes likely support the elevated rate of growth under HL. In
ChlamydomonadsHL also triggers faster cell growth aptbteinsynthesigs dramatically
up-regulated as a res|fiMcKim and Durnford 2006)A metabolomic study bRavis et al.
(2013)indicated a HEinduced increase in the amino acid pool siz€lMamydomonas
which could be due to either devo biosynthesis or increakeprotein degradation.
Regardless, the changes in amino acid biosynthesis ggmessionsuggest similar
acclimation strategies iB. natans An upregulation of ribosomal protein genes under HL
stress, has also been detedtedeveral additional studi¢sicintosh and Bonharsmith
2006, Ferreyra et al. 2010, Sormani et al. 2011f) course, ribosoal proteins are
numerous and have essential roles in ribosome assembly and protein synthesis, and some
are clearly affected by a variety of environmental stresses. In the didttassiosira
pseudonanaseveral ribosomal protein genes wereregulated upo exposure to HL

stress for 10 hourgDong et al. 206), and in a different diatom,Phaeodactylum
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tricornutum ribosomal proteins were dowegulated in the darkBai et al. 2016) In

plants, one ribosomal protein (L10) responded specifically teBUBkposurgFerreyra et

al. 2010) The role of the differedrribosomal proteins expressed under these unique light
environments needs to be studied further to understand the implications at the level of
protein synthesisB. natansalso had a collection of chapernsior heashock proteins
(HSP) whose expressioriluctuated during HL stress, which was also observed in
Srivastava et al. (2013yVhile an enhanced protein synthesis rate would likely require a
greater chaperonin capacity, some of these chaperonins could be responding specifically
to ROS damagéBanzet et al. 1998, Lee et al. 2000, Rossel et al. 28@2)nduced to
combat misfolded and aggregatadteins(Debel et al. 1997, Schroda et al. 1999, Hihara

et al. 2001, Kimura et al. 2003, Scacpet al. 2008, Driedonks et al. 2015, Dong et al.
2016)

Compared to a shift to HL, a transient shift to a lower light intensity limits
photosynthetic production and is akin to a starvation mesgpoThis includes the
downregulation of dozens of anabolic pathway genes (Supplementary-api&2.1,
bottom). These include a decline in the expression of genes involved in cofactor/vitamin
biosynthesis and carbon metabolisim.B. natans the expression ofienes encoding
carbonic anhydrase, which are essential for converting bicarbonate tto@GDhance
carbon fixation photosynthesis, was all desgulated under VL, indicating a lower
carbon fixation as due to the insufficiency of liglhproduce energy. Low level of carbonic
anhydrases has also been observed in maize leaves exposed to low light i{Bansaly
et al. 199). Since the responses under VL are similar to nutrient starvation, the increase

of pyruvate phosphate dikinasand pyruvate kinaseencoding genes might infer the
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activation of nitrogen remobilizatioflraylor et al. 2010and ATP productiofWu and
Turpin 1992) respectively, while upegulationof the GPDH encoding gene is likely to
help in balancing redox state in the mitochondi&hen et al. 2006)nder limited light
condition.

B. natangossesssa complex plastithatresulted from secondary endosymbiosis,
meaning the plastid came from a photosynthetic eukaryote, rather than a prokaryote.
Chlorarachniophytes, however, retain evidence of this eukaryotic endosymbiont in the
form of a vestigial nucleus (nucleomorph) that is located between the double satgidf pl
membranegHibberd and Norris 1984 hus, in chlorarachniophytes lilBe natansthere
are four different genomes that potentially shube coordinated to respond to
environmental conditions, like a change in light intensity. The nucleomorph genome is
compact and reduced in size with 284 predicted nucleomermoded gend€urtis et al.

2012) where only 17 of theseencodeplastidtargeted proteins and the remstcode
housekeeping proteins required for plastid maintené@iteon et al. 2006)There is little

known about the regulation of the nucleomorph genes. In response to HLwiseonly

a single DEG that matched our criteria for differential expression. On the contrary, we
detected a slight increase of cpn60 in chromosome 1 upon a VL §hofhcidentally

Suzuki et al. (2016fpund the same gene (of two) to be differentially regulated during the
dark phase of the diurnal cyclaterestingly, nucleomorph chaperonins (HSP70, HSP90)
appear to be the most abundantly expressed genes in the nucleomorphs of several
chlorarachniopittes and cryptomonadsiirakawa et al. 2014)andare proposed to help

buffer the effects of mutations on the structure of proteins. Though these chaperonins were

not differentially expressed in our data, we did observe high transcript abundance of
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nucleomorph genes encoding HSP70, dnaK, and HS#80ar to the findings of
Hirakawa et al. (2014)Certinly, in B. natansthere are few lightesponsive genes, and
any that were present during the endosymbiosis were either lost or transferred to the host
nucleus
The predictedsubcellularocaion of the DEGsunderHL and VL reinforces the
idea that respnding to light appropriately is not a plastigecificmechanisnbut requires
the integration of pathways throughout the cell. Predicting plestgketed proteins in
chlorarachniophytes is relatively robust due to the unique structure of teequencéhat
is composed of a signal sequence followed by what appears similar to plant transit peptides
(Rogers et al. 2004, Patron and Waller 200fwever, in both cases, the number of
differentially expressed genes encodpigstidtargeted proteins after 4 hours made up
about 9% of theotal (144 in HL, 19 in VL) About 20% of these proteins were predicted
to be targeted to the mitochondria, emphasizing the vital role this organelle plays in the
acclimation strategy. While there are clear limitations in predicting mitochondrial transit
sequences, especially in data sets from evolutionarily distant lineages, the result is
nevertheless intriguing, indicating that these genes would have had to acquire the
appropriate promoter elements and transcription factors to coordinate a response to HL.
This idearaises a question. Howould a norphotosynthetic host acquire the
responsiveness to a stress that it would otherwise have been blind to? Our preliminary
phylogenetic assessment of the DEGs based on the top BLAST hit with a random
verification with phylogenetic analysis, admittedly approach that has limitations
(though faster considering the alternative), indicates that most of the genes that did respond

to HL and VL conditions were not particularly related to other photosynthetic taxa, and
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especially not green algae. While the or&d endosymbiont(s) would have had the
appropriate genes, promoters, transcription factors and integrated signal transduction
pathways to respond to light, the host would not. Of course, there is evidence of a cryptic
endosymbiosis or serial endosymbiosischlorarachniophytegArchibald et al. 2003,
Rogers et al. 2006)neaning that the host acquired photosynthetic genes from diverse
photosynthetic endosymbion(i&rchibald et al. 2003, Yang et al. 2011, Curtis et al. 2012,
Yang et al.2014) magnifying the complexity when it comes to regulation. If our
phylogenetic estimate of the DEGs is accurate, then it would require that host genes acquire
the promoter regions to respond effectively and in coordinatitimthe photosynthetic
proteins from he endosymbiont(Stegemann and Bock 2006Presumably these
photosynthetic proteins could have been transferred with endogenous algal promoters
intact(Martin and Herrmann 1998, Green et al. 2068)wever, with thousands of genes,

this represents a complex level of convergent evolution of promoters.

Here we propose that the host and endosymbiont shared a response to a common
signal, making the gulatory integration of the endosymbiont genes with the host
regulatory framework simpler in an evolutionary context. Since most of the plastid genes
or stresgresponsive genes are encoded in the nucleus, communication between plastid and
nucleus requires retrograde pathway to effectively coordinate expression in the two
compartments under stress conditi(fesrnandez and Strand 2008here are a variety of
proposed signals involved with chloroplast to nucleus signalling that could help
communicate a plastispecific stresgreviewed in Brzezowski et al. 2019)hese include
intermediates of chlorophyll/tetrapyrrole biosynthetic pathw@ysek et al. 1993, Strand

et al. 2003, Formighieri et al. 2012, Wittkopp et al. 201tAe redox state of the
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photosynthetic electron transport ch@ifullineaux and Karpinski 2002, Pfalz et al. 2012,

de Dios Barajatopez et al. 2013, Rockwell et al. 2014@active oxygen speci¢€ruz

de Carvalho 2008)or metabolites(Estavillo et al. 2011) In many experimental
approaches, it would not be easy to distinguish between these different possibilities. For an
effective,parsimonious integration of transcriptional networks, during evolutionary origin

of the plastid, we predict that a regulatory signal controlling photosynieicific genes

of the endosymbiont and detoxification/acclimation genes of the host was shdretth b

This would mearthat similar precursors to the extaegulatory framework would exist in

both the host and symbiont, making integration of the two more seamless. Two candidates
seem likely at this point. The first would be a tetrapyrtmdsed sytem, especially since
precedence for such a regulatory system exists irphotosynthetiorganismssuch as
yeast(Zhang and Hach 199@nhdmammaian cells (Zhu et al. 2002)and photosynthetic
organisms including A. thaliana (Susek et al. 1993, Woodson et al. 20&Ahbd C.
reinhardtii. Howeve, a signalling system based on reactive oxygen species is probably
the more likely candidate gimehe universal transcriptional response to such signaling

molecules in photosynthetic and Rphotosynthetic lineages of the kingdoms of life.
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Table 2.1: Physiological response of cells exposed to 4 hours of light treatments (p < 0.05,

oneway ANOVA, Tukey test).

Lightintensity  Cellabundance Chlorophylla  Chlorophyllh  Chlorophyll

Samples (uE) (cells/m)  (og/cell) (pg/cell) alb Fm Fu/fm
w 20 2976406 0333001  034:002  098:003 173644 0,630,008
L 60 2776406 0361005  037:005  098:00°  1823+124"  0.60:0018
HL 400 3076406 0284006  027:005  105:00° 35057  022:006
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Table 2.2: List of DEGs involed in fatty acid metabolism and chaperdisaction in

response to HL stress

Corr p- Bit-

ProteinID LFC Regulation Description
value score

Lipid metabolism

85009 2.73477  0.000302 UpP plastid acyl carrier 79.7221

74969 2.5122  0.000302 UP stearoyl- desaturase (delta- 103.219
9desaturase)

42544 2.32521 0.000302 UP Beta-hydroxyacyl- (acyl- 160.614
carrier- ) dehydratase

77676 2.05568 0.000302 UP beta-ketoacyl-acyl carrier 353.984
synthase 1T

51567 1.81298 0.000302 UpP Short-chain dehydrogenase 307.76
reductase SDR

51709 1.17736  0.000302 UP malonyl-ACP transacylase 368.237

92128 1.05485 0.000302 uUP MGDG specific palmitate 129.413

delta-7 desaturase
Heat-shock proteins

126563 2.1631 0.000302 UP heat shock 70B 140.969
45716 1.87269  0.000302 UP heat shock 33 266.929
23522 1.5058  0.000571 UP heat shock 70B 151.754
91522 132618 0.000302 UP heat shock 70 287.345
89238 1.153 0.000302 UP Activator heat shock ATPase 120.168
87650 1.00881 0.000302 UP heat shock 70 840.106

70



Table 2.3: Numbers of DEGs predicted to be targeted into chloroplast, mitochondria, and

secretory pathway using SignalP, ChloroP, TargetP, and PredAlgo.

Locations VL HL
Secretory 56 163
Chloroplast 19 144
Mitochondria 90 523
Others 378 1661
Total 543 2491

71



0.05 -

0.04

0.03

0.02

0.01 M Light rate

MW Dark rate

o
o
=

Oxygen Evolution (pmol O, h! cell?)

o

o

N
L

LL HL_10min  HL_2h HL_4h

PDF (umol quanta.m2.sec?)

*
*

0.04 -

0.03 4

0.02

0.01
M Light rate

W Dark rate

-0.01

Oxygen Evolution (pmol O, h! cell?)

-0.02
LL VL_10min  VL_2h VL_4h

PDF (umol quanta.m2.sec?)

Figure 2.1: Oxygen evolution rates following (A) LL to HL and (B) LL to VL shifts
measured in the light (grey) and dark (black). Error bars + 2SE, n > 3. Lines and asterisks
above error bars indicate sample pairs thladw astatistically significant difference

(p<005).
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Figure 2.2: Multi-dimensional scaling plot shows reproducibility of the RBEY data

from 3 conditions and 3 replicates.
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