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ABSTRACT

Chlorarachniophytes, a group of marine unicellular amoeboflagellates, have
acquired their plastid secondarily from a green alga transferring photosynthesis into the
heterotrophic Rhizarian host. The evolutionary integration of organisms over time must
coordinate gene expression to regulate stress responses. However, the light response
mechanism has not been studied in chlorarachniophytes. |1 conducted an RNA-seq
experiment to identify transcriptome changes under high (HL) or very-low (VL) light
stress, in the model chlorarachniophyte, Bigelowiella natans. Under HL, genes involved in
primary metabolism and detoxification increased, while VL reduced expression of genes
in carbon metabolism and photosynthesis. The light-harvesting complex (LHC) genes with
diverse origins from green and red algae were highly responsive to light stress. Two classes
of LHCs were over-expressed only in HL, suggesting a role in photoprotective mechanisms
like non-photochemical quenching. Together, B. natans displays distinct acclimation
strategies that incorporated endosymbiont and host regulatory frameworks to cope with

light stress.
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1. General introduction

Chlorarachniophytes are a small group of marine, unicellular green
amoeboflagellates with a mixotrophic lifestyle. There are five genera and nine species
identified that belong to this group, distributed strictly in marine environments from
tropical to temperate regions, including oceanic surfaces, rocky shores, sandy beaches, and
even the bottom of a shallow sea (Ishida et al. 2007). While chlorarachniophytes have only
a few identified species, their life cycle and morphology are quite diverse. Three major cell
forms can be found in chlorarachniophytes: a coccoid cell, an amoeboid cell with filopodia,
and a flagellated cell with a flagellum (reviewed in Ishida et al. 2007). Life cycle patterns
can be used to distinguish species of chlorarachniophytes. For instance, our model
organism, Bigelowiella natans (Fig. 1.1), is commonly found in a flagellated, free
swimming form but occasionally takes on an amoeboid form (Moestrup and Sengco 2001),
especially in old cultures as we also observed. B. natans is small, ranging between 4 and 8
pum in length, with a single flagellum. Chlorarachniophytes have been of special interest
for evolutionary biologists because they have an additional genetic compartment called a

nucleomorph, which evolved from the nucleus of an endosymbiotic green alga.

1.1  Endosymbiosis and chlorarachniophyte origins

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

believed to have evolved over a billion years ago (Yoon et al. 2004). This process is called
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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, of which there are three groups: Chlorophyta
(green algae/plants), Rhodophyta (red algae), and Glaucophyta (glaucophytes). However,
photosynthesis continued to spread amongst eukaryotes involving eukaryote-eukaryote
endosymbiosis in what is called secondary endosymbiosis. This has occurred multiple
times with red or green algae, resulting in complex secondary plastids (Reyes-Prieto et al.
2007, Yang 2011). Algal groups containing secondary plastids derived from red algae
include the cryptophytes, stramenopiles, some 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 between a non-photosynthetic
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 chlorarachniophyte plastid is debated. A concatenated
phylogeny of plastid genes placed the chlorarachniophyte plastid within the ulvophyte-
trebouxiophyte-chlorophyte (UTC) clade (Rogers et al 2006). This agreed with previous
work that suggested chlorarachniophyte ancestor lies within the ulvophytes, based on
phylogenetic analysis of the plastid-encoded 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 plastid 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).
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Chlorarachniophytes have a complex cellular structure. This includes a chloroplast
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 of the engulfed alga, 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, where an unusual genetic
compartment, called the nucleomorph, is located (Hibberd and Norris 1984). The
nucleomorph is a vestige of the endosymbiont’s nuclear genome. The nucleomorphs have
been found in only two algal groups to date— chlorarachniophytes and cryptophytes
(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’s coding capacity (Keeling and Archibald 2008). Extensive phylogenetic
analysis of endosymbiont-transferred genes in B. natans suggested that many did not
originate from green algae, as you would expect if the plastid evolved solely from a green
alga endosymbiont. In the case of B. natans, Curtis et al. (2012) estimated, from a small
subsample of 353 proteins, that 59% were derived from green algae, colloquially known
as the “green genes”, while 22% were derived from red algae (the so-called “red genes”).
While Curtis et al (2012) discuss methodological issues that calls the magnitude of this
gene mosaicism into question, there are some clear examples. For instance, genes encoding
phosphoribulokinase and sedoheptulose-bisphosphatase (Petersen et al. 2006, Yang et al.

2011) are derived from red algae. In addition, B. natans has some unusual antenna proteins
3



of red algal-origin (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 algae. Yang et al. 2011 suggest two possible explanations on the
unexpected presence of red algal-derived genes in B. natans. One could be a result of
chlorarachniophytes’ mixotrophic lifestyle causing a transfer of genes from the red-algal
ancestor prior to red/green separation. The other could be the ancestor of the Rhizaria had
undergone a cryptic endosymbiosis with a red alga, later replaced by the green

endosymbiont (Fig. 1.2; Yang et al. 2011).

1.2 The B. natans genomes

B. natans possesses four genomes— mitochondrion, chloroplast, nucleomorph and
nucleus. The latter three of these 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. 2006). B. natans’ plastid genome does not show
massive gene loss; however, the reduction in size is the result of a compaction, since it has
no introns and small intergenic regions. As with most plastid-containing organisms, most
of plastid proteins are encoded by genes in the host nucleus, leaving only 57 genes (27
genes encode 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 small number of housekeeping genes and only a handful of plastid-targeted
proteins. Most of the plastid-targeted proteins are encoded in the host nucleus and

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



(Deane et al. 2000). 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 plastid-targeted
proteins (Tanifuji et al. 2014, Suzuki et al. 2015).

B. natans is the first chlorarachniophyte whose complete nuclear genome was
sequenced (Curtis et al. 2012). The 94.7-Mb genome is intron-rich and contains 21,708
annotated genes, which were used as a reference for our transcriptomic study. Around 41%
of the protein-encoding genes have no identified homologues in any other organisms, while
a great number of paralogues with more than 2,000 multi-gene families was detected. The
B. natans genome, interestingly, shows a large number of genes with alternative splicing,

compared to any other unicellular organisms (Curtis et al. 2012).

1.3  Photosynthesis

Photosynthetic organisms are able to convert light energy into chemical energy,
generating carbohydrates (sugars) that can be oxidized in the cell to produce the energy for
biosynthetic reactions. This phenomenal process is called photosynthesis, which is
conceptually divided into two sets of reactions — ‘light-dependent’ and ‘light-
independent’ (Fig. 1.3). Photosynthesis occurs in 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: Photosystem Il (PSIlI) 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 PSII and PSI,



respectively. The reaction centres are usually associated with peripheral antenna proteins
that in eukaryotes are called the light-harvesting complexes (LHCs). These proteins are
capable of capturing light and transferring the energy in the form of excited electron to the
specialized chlorophyll 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 the electron
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 phosphorylation
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 were previously oxidized when excited by
light. The electrons are ultimately transferred to ferrodoxin-NADPH reductase (FNR),
which catalyzes the reduction of NADP* to NADPH. Both ATP and NADPH are products
from light-dependent reactions that will be used for carbon fixation (Calvin-Benson cycle;
‘dark’ reactions) and other metabolic processes within the plastid. Catalyzed by RubisCo,
COs2 in the air is fixed into carbon compounds, which are the energy/metabolite source used

throughout the cell (Fig. 1.3).

1.4 Photosynthetic components
The structures and components of the photosystems are conserved among
cyanobacteria, green plants, and algae. Photosystem Il (PSII) is a multi-subunit protein

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



polypeptides, pigments (chlorophylls and carotenoids), and cofactors. At the core of PSIl,
there is a reaction center, which contains four to six chlorophyll a molecules, two
pheophytins, and two quinones for initial charge separation. The reaction centers are bound
by two hydrophobic polypeptides D1 (PsbA) and D2 (PsbD) and interacted with two
internal chlorophyll a-binding proteins CP43 (PsbC) and CP47 (PsbB; Fig. 1.4A) to
facilitate excitation energy transfer (reviewed in Green and Durnford 1996).

Photosystem | is a large multi-subunit complex located within the thylakoid
membrane, existing as monomer and trimer forms. In contrast to PSII, the PSI reaction
centre has a built-in core antenna, composed to two main proteins: PsaA and PsaB.
Surrounding PSI is LHCI, which is arranged as two dimers, creating a half-moon shaped
belt on one site of the PSI (Amunts and Nelson 2009). In plants, the PSI-LHCI
supercomplex is composed of around 16 proteins subunits, associating with hundreds of
light-harvesting pigments, higher than with PSII. PsaK and PsaG subunits are at the corners
of the PSI to connect between the core PSI and LHCI. PsaK is also essential for the state
transition, in which more antennae attached to PSI upon changes in light quality (Fromme
et al. 2003, Mazor et al. 2017).

Surrounding the PSII reaction centers are the antenna complexes LHCII, thylakoid
membrane integral and pigment-binding proteins, that transmit energy into photosynthetic
reaction centers of photosystem | and Il. LHCs contain three transmembrane-spanning
regions, with helices 1 and 3 interacting by a salt bridge to bind chlorophyll a, b, and
carotenoids (Fig. 1.4B) (Klhlbrandt et al. 1994). The members of LHC family are different
between plants and green algae. LHCs are divided into major and minor LHCs encoded by

Lhcbm and Lhcb genes, respectively, in green algae (Teramoto et al. 2001). In plants, there
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are three minor LHCII proteins (CP26, CP29, and CP24), but CP24 is absent in green algae
(Elrad and Grossman 2004, Minagawa and Takahashi 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, Pan et al. 2013) as shown in Fig. 1.4A.

1.5  Lightstress 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 2015). Thus, 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 (PSII), often reflected in a higher PSII/PSI ratio (Schanz et al. 1997, Bailey et al.
2001).

Excessive light, in contrast, tends to have a more harmful effect on plants and algae
as the higher light intensity pushes the photosynthetic rate higher, ultimately becoming
light-saturated. Photosynthetic saturation can lead to photooxidative damage throughout
cells if they cannot manage to dissipate the excess light energy (Niyogi 1999). All
photosynthetic organisms have express an overlapping series of mechanisms, collectively
called photoacclimation, to minimize or remove the harmful 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 (Anderson et al. 1988, Bailey et al. 2001).

Photoacclimation exists on different, nested time scales, both short- and long-term
(Durnford and Falkowski 1997). The responses on the short time scales include non-
photochemical quenching (NPQ) (Jung and Niyogi 2006), mediated by the xanthophyll
cycle to dissipate excess light as heat (Govindjee 2002), and state transitions, causing
conformational change and movement of LHCII (Iwai and Minagawa 2008). If short-term
responses are not sufficient, cells will undergo long-term acclimation. Long-term 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 photosynthetic apparatus and ROS accumulation (Durnford

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

1.5.1 Short-term photoacclimation

When algae or plants are exposed to light stress, there is a quick response that
occurs within minutes to minimize over-excitation of the reaction centres, which is called
short-term photoacclimation. When the light exceeds the capacity of photosynthesis to use
that energy, some of the energy can be dissipated as heat in a series of non-photochemical
quenching (NPQ) mechanisms. Quenching refers to the reduction in the amount of
chlorophyll fluorescence in the presence of light. This can involve both photochemical
quenching (photosynthesis) and non-photochemical (thermal dissipation) processes that
plants use to deal with light energy harvested by the antenna. The thermal dissipation of

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



These include energy-dependent quenching mechanisms (qE), state transitions (qT), and
photoinhibition of PSII (gl) (Miller et al. 2001). The energy-dependent 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
(low lumen ApH) that will trigger qE as a feedback regulation (Kramer et al. 1999). The
requirement for a proton gradient for qE induction is demonstrated by its inhibition when
the lumen ApH is disrupted by uncouplers, such as nigericin (Pressman et al. 1967), NH4Cl
(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 antennae from 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 zeaxanthin (Zx) via an intermediate, antheraxanthin. This two-step
de-epoxidation takes place in the thylakoid membrane catalyzed by violaxanthin de-
epoxidase located in the thylakoid lumen, which is activated by low lumen pH (Hager and
Holocher 1994). Zeaxanthin can act as a direct quencher, dissipating excitation energy
received from singlet excited state of chlorophyll a. The de-epoxidation of Vx to Zx and
the protonation of antenna proteins result in aggregation of LHCII that is able to dissipate
energy (Horton et al. 1991, Horton et al. 2005). While zeaxanthin is an essential component
for the energy-dependent 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 LHC-like protein called PsbS protein that interacts with the detached major
10



LHCIIs after a conformational change in the antenna. The second proposed quenching site
(Q2) is at the minor LHClIs proteins (CP29, CP26). Green algae, however, lack the PsbS
protein, instead having another divergent LHC-like protein called, LHCSR, which is
essential for the gE component of NPQ (Peers et al. 2009).

A second xanthophyll cycle, diadinoxanthin (Ddx) cycle, involves the
interconversion of diadinoxanthin and diatoxanthin, and is best characterized in diatoms
(Lohr and Wilhelm 1999). Unlike the xanthophyll cycle, only one de-epoxidation step is
required in the Ddx cycle by a de-epoxidase (DDE). NPQ in diatoms is likely correlated
with the Ddx cycle activity. There are two proposed models predicting two quenching sites
for NPQ in diatoms. One is at the detached fucoxanthin chlorophyll a/c- binding protein
(FCPs), while the other localized in the intact FCPs at the PSI1I core complex depending on
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 an effort to maintain an excitation balance between
the photosystems (Allen and Forsberg 2001). Under normal conditions, LHCII
polypeptides are associated with PSII (state 1). State | is associated with a higher
fluorescence yield and quantum efficiency of PSIl. However, when PSII receives excess
light relative to PSI, the plastoquinone pool is over-reduced resulting in an activation of a
specific kinase that phosphorylates LHCII proteins. LHCIIs are detached and migrated to
PSI, which is state 11 (reviewed in Minagawa 2011). The chloroplast thylakoid—associated
serine-threonine protein kinase that regulates these transitions is known as STN7 in

Arabidopsis, while the ortholog in Chlamydomonas is called STT7 (Depege et al. 2003).
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State transitions, however, are not likely involved in protection against high light in green
plants and cyanobacteria; rather, they increase photosynthetic efficiency under low to
medium light (Mullineaux and Emlyn-Jones 2004). Interestingly, in green algae a transition
to state 2 under high-light 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 Mdller et al., 2001). Under prolonged high-light
exposure, the D1 protein of the PSII core complex is damaged, leading to reduction in
photosynthetic capacity and electron transfer. It consequently reduces light entering the
PSII, so reversible photoinhibition is acting as a quencher and considered to be part of
photoprotective mechanism with a relaxation within minutes to hours. Photoinhibition is
evident by reduced quantum yield of PSII, caused by a decrease in variable fluorescence
(Fv) as a result of the increased thermal dissipation. This suggests a role in the regulatory
mechanism preventing the cells from irreversible photodamage (Krause 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 al. 2001).
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1.5.2 Long-term photoacclimation

If the light stress is prolonged, long-term mechanisms are induced working together
with the short-term photoacclimation to maintain balance of electron flow within the
chloroplast. The changes involve the size and composition of the antenna system to
minimize photon absorption. These generally require changes in the expression of genes to
alter the relative abundance of photosynthetic compositions, which takes hours to complete
(Smith et al. 1990, Walters and Horton 1994, Melis et al. 1998, Gordillo et al. 2001). For
instance, there is an 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 HL-acclimated cells, coinciding with a reduction in the antenna size. The
expression of major LHCIIs generally decreases under HL in both plants and algae,
indicating a smaller 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 photoprotection. Both transcriptional
and translational responses control antenna levels. In C. reinhardtii, LHCII and Lhcb4
mMRNA abundance showed a rapid decline after high light exposure, but soon recovered to
near pre-stress levels after 6-8 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. The expression of LHC transcripts, in contrast, increase in
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response to a low light condition (Bohning and Burnside 1956, Falkowski and LaRoche
1991, Escoubas et al. 1995). The run-on transcription assay was used to assess the
photoacclimation-dependent transcriptional activity of the LHCII genes from Dunaliella
tertiolecta cells, showing an elevation of Lhc transcription by 3-fold after a shift from HL
to LL (Escoubas et al. 1995).

There are other LHC relatives that have specialized roles in photoprotection. These
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 in B. natans and some
stramenopiles/haptophytes— LHCY and LHCZ —however, are still unclear. Interestingly,
Nymark et al. (2013) have identified that the diatom LHCY homolog is repressed by high

light in Phaeodactylum tricornutum.

1.5.2.2 Metabolic alterations under high irradiance

Other efficient strategies to protect cells from photodamage are increasing sink
capacity and removing toxic by-products. The latter will be discussed in the next section.
Cells acclimated to HL generally show an increase in their primary metabolism, which
increases energy demand and uses the reductant produced under excess light. In algae,
excess light is associated with increased cell division and growth, where plants rather
depend on carbohydrate metabolism (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, nitrogen, metabolism and ROS detoxification.
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Changes in lipid metabolism in response to HL stress are often observed in
microalgae, such as Dunaliella sp. and Chlorella sp. (Ramos et al. 2011, Takeshita et al.
2014, Cheng et al. 2017). The increased lipid contents under excess light seem to fuel
higher demand of energy as growth rate is increased during this condition. It could also
help stabilize the cell membrane that is being weakened from the strong irradiance as
suggested by Dong et al. (2016).

In response to HL, more energy is funneled into photochemical reactions, resulting
in the accumulation of carbon products (starch and sugar) as observed in Chlorella 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 Calvin-Benson cycle (Evans 1987, Chow et al. 1991, Walters
and Horton 1994), tricarboxylic acid (TCA) cycle, and pentose-phosphate pathway (PPP)
(Schliiter et al. 2003, Wulff-Zottele et al. 2010).

HL-acclimated cells often exhibit higher amino acid and amine abundance possibly
a result of precursor availability generated from photosynthesis (Wulff-Zottele et al. 2010).
The increase of amino acid pools could be due to an increase of protein catabolism as a
result of photodamage or de novo biosynthesis. 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 et al.
2013). McKim and Durnford (2006) observed elevated protein synthesis in HL-acclimated

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

Upon increased light intensities, photosynthesis becomes saturated resulting in
reactive-oxygen 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 (H202) and singlet oxygen (*O2) are highly
reactive and likely have a role in signaling light stress, triggering an acclimation response
in the cell in both land plants and green algae (Karpinski et al. 1999, Ledford et al. 2007,
Erickson et al. 2015). To effectively prevent cells from photooxidative damage, reactive-
oxygen species (ROSs) have to be removed. Enzymatic and non-enzymatic antioxidant
systems are induced to detoxify the by-product ROS from oxidative stress. Enzymatic
antioxidants include superoxide dismutase, catalase, glutathione peroxidase, glutathione
reductase, and peroxiredoxin (Apel and Hirt 2004, Bela et al. 2015). Non-enzymatic
antioxidant systems involve the production of glutathione (GSH), tocopherol, and
ascorbate (Apel and Hirt 2004, Das and 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 and non-enzymatic
antioxidants is well-studied in green algae, especially in high-light acclimated
Chlamydomonas, as reviewed in Erickson et al. (2015), and in plants (Das and

Roychoudhury 2014).
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1.6 Objectives

Light-dependent acclimation responses are well-studied in land plants and green
algae, yet are not understood in organisms with complex plastids, like chlorarachniophytes.
Compared to other green algae, chlorarachniophytes possess an antenna system atypical
for a green-algal derived plastid, suggesting that they might employ different or novel
regulatory mechanisms in response to light stress. The main goal of this thesis was to
investigate how the light-response capability in B. natans has been affected during plastid
evolution using three main approaches.

First, | conducted an RNA-seq experiment 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 or very-low light stress. The goal was to
determine  differentially-expressed genes involved in  photoacclimation in
chlorarachniophytes compared to the light-response strategies in other green algae, from
which they acquired a plastid. Evolution of the photoprotective mechanism was
investigated preliminarily to identify origins of light-responsive genes. These concepts are
discussed in Chapter 2.

The antenna system of B. natans not only possesses green-algal LHC homologs,
but also consists of diverse members derived from stramenopiles, in which their functions
remain obscure. My second goal was to dissect the role of the B. natans antenna system
regarding photoacclimation. To do this, the same RNA-seq data set was used to align
uniquely against an extracted-LHC reference genome and to quantify the level of gene

expression. This work has been contributed in the publication “Evolution and regulation of
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Bigelowiella natans light-harvesting antenna system” (Neilson et al. 2017) and is discussed
in Chapter 3.

Finally, changes of antenna system at the photophysiological level is further
explored as the expression of some antenna genes indicates light-harvesting function, while
others infer a photoprotective role. To detect how B. natans acclimates
photophysiologically under short-term light stress, chlorophyll fluorescence yield and NPQ
were measured in cultures acclimated to different light intensities and were compared to

strategies used in other green algae in the second half of Chapter 3.
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Figure 1.1: Bigelowiella natans living cells at a flagellate stage under light microscope

(100X). Arrow indicates its flagella.
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2. Transcriptome profiling of Bigelowiella natans in response to

light stress

2.1 Abstract

Bigelowiella natans is a marine chlorarachniophyte, a member of the Rhizaria
(SAR supergroup), whose plastid was acquired secondarily via endosymbiosis with a green
alga. Integrating a photosynthetic endosymbiont within the host metabolism enroute to
plastid evolution would require the acquisition of strategies for coping with changes in
light intensity. Presumably, this would entail not only the transfer of light-responsive genes
from the endosymbiont to the host, but also modifications of host genes so that the cell
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 differentially-expressed genes following four hours of high (HL)
or very-low light (VL), compared to a control low-light condition. A shift to high light
pushes the cells into an excess light condition, triggering 2491 genes to alter expression
significantly. Transfer to very-low light, however, substantially reduced photosynthesis
leading to the detection of 543 differentially regulated genes. About 30% of these light-
regulated genes have no similarities to anything in publicly available databases. A shift
to high light altered the expression of genes involved in photosynthesis, detoxifying
enzymes and reactive oxygen scavenging, all in an attempt to optimize photosynthesis
while minimizing photo-oxidative stress. In particular, genes involved with primary

metabolism and protein synthesis are strongly 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
indicating starvation. In contrast to nuclear genes, most of the nucleomorph genes essential
for light responsiveness were lost from nucleomorph as there was only one nucleomorph
gene differentially expressed in response to HL and none in VL. Of the genes differentially
regulated by light, the majority (67%) encoded cytosol-targeted proteins or of an otherwise
unknown cellular localization. Only ca. 5% of the differentially expressed genes encoded
plastid-targeted proteins. 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 differentially-expressed genes, the proportion of genes with
photosynthetic eukaryote-affiliated is around 50%, while about 20% are from non-
photosynthetic lineage . This suggests that many host-derived genes are responding to
changes in light 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 that a photosynthetic stress response could

more easily integrated 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 nucleomorph, that was
derived from an endosymbiotic green alga (Hibberd 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 duplications (Wernegreen 2015). Horizontal gene transfer
(HGT) is a remarkable evolutionary process, allowing transfer of genes and increase
adaptation ability with another organism (Raymond and Blankenship 2003). Both
endosymbiont genes and host-derived genes must be integrated to respond to
environmental stress. How the regulatory 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 network for the adaptive responses to environment (L6pez-Maury et al. 2008).
There are various techniques used to analyze gene expression, including a traditional
hybridization-based method (cDNA microarray) that is able to characterize a large scale of
changes in gene expression simultaneously. Relative gene expression can be detected
according to the intensity of fluorescence or signal emitted when the labelled cDNA in the
sample bound to the DNA probe on the array (Tarca et al. 2006). Though cDNA microarray
provided reliable results that can detect expression of thousand genes at the same time,
there were some limitations including high background signals from cross-hybridization

(Royce et al. 2007) and the need for reference genome sequences. Recently, RNA
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sequencing (RNA-seq), a high-throughput sequencing-based approach, has been developed
to overcome limitations of existing methods that reduce the background signal. RNA-seq
generates short reads between 30 and 400 bp that can be aligned, assembled, 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 gold-standard method RT-PCR (Wang et al. 2009). RNA-seq enables a large-
scale comparison of changes in gene transcripts between control and treated samples and
allows novel transcript discovery, which has been used widely in both animal and plant
kingdoms. Many transcriptomic studies have employed RNA-seq technology to identify
transcriptome responses to various stresses to understand molecular mechanisms
regulating the stress responses. These include drought stress (Gao et al. 2015), heat stress
(Liu etal. 2014), nitrogen deficiency (Zhao et al. 2014, Shin et al. 2015), sulfur deprivation
(Gonzalez-Ballester et al. 2010), and light stress (Zhao et al. 2016). This chapter will focus
on transcriptome responses under fluctuation of light intensities.

Transcriptomic studies have identified 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 to high-light stress, while
genes involved in light absorption and photochemical reaction are decreased. Microarray
data from Arabidopsis treated with HL showed an up-regulation of antioxidant genes to
detoxify ROSs with a strong induction of chaperone-encoding genes, likely involved in
protein folding and assembly (Rossel et al. 2002, Kimura et al. 2003). Gene expression
profiling using RNA-seq in Phyllostachys edulis (moso bamboo) treated with 6-times

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 metabolism (Zhao et al. 2016). In contrast, a diatom, Phaeodactylum
tricornutum, showed a rapid decline of genes involved in chlorophyll a metabolism and
antenna proteins during the initial and intermediate phases of a shift to HL. The
accumulation of transcripts encoding LHCXs, xanthophyll cycle enzyme, and ROS-
scavenging systems were also shown to be crucial in photoprotective mechanism (Nymark
et al. 2009). These are all classic changes present among various photosynthetic organisms,
including Synechocystis sp. (Hihara et al. 2001) and Synechococcus sp. (Xiong et al. 2015),
in response to excessive light.

Since high-light stress causes a more severe, detrimental effect on the
photosynthetic organisms, low-light stress receives less attention. There are few
transcriptomic studies on this type of stress, however, low levels of light generally can
result in limited CO> assimilation and can influence cell growth and development (Iriarte
and Purdie 1993, Singh and Singh 2015). Sun et al. (2014) indicated the lower
photosynthetic performance in response to low-light stress (75-100 umol m? s?) of
Cucumis sativus L. was likely a result of reduced expression of Rubisco transcripts and
proteins. Cells acclimated to low light (20 pmol m?2s™) in Chlamydomonas reinhardtii
exhibited a reduction of biomass and photosynthetic efficiency. In addition, physiological
changes under low light generally include up-regulation of antenna complexes and reaction
center synthesis, accompanied by increasing of chlorophyll a and thylakoid membrane
synthesis to improve the light absorption capacity (Schanz 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
37



chlorarachniophytes. This is particularly interesting in this lineage since photosynthesis
was acquired laterally from a green alga-like organism, that led to a massive horizontal
transfer of genes from the endosymbiotic alga to the host nucleus. However, the transferred
genes, and presumably a number of host-originated 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 photosynthesis-specific 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 chlorarachniophytes—the nucleomorph—that is a vestige of
the former green alga nucleus (Curtis et al. 2012). Suzuki et al. (2016) recently reported
the transcriptional regulation during light/dark cycle in B. natans, representing more than
a thousand genes that fluctuated during the diurnal/cell division cycles. Since only two
nucleomorph transcripts were significantly changed, they suggested that the host nuclear
genes took over the transcriptional regulation involved in diurnal cycles from plastid and
nucleomorph during plastid evolution. However, all organisms have the capability 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 whole-transcriptomic profiling to gain a whole overview of
light-response capability in B. natans. RNA-sequencing was performed on cells treated
with 4 hours of very-low light (VL) and high-light (HL) stresses. The response at the
transcript levels was greater following the shift to HL than VL stress. The transcriptomic

response of B. natans to excess light resembles those in other algae and plants (Rossel et
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al. 2002, Nymark et al. 2009, Carvalho et al. 2011). There were increases in expression of
genes involved in photoprotection, primary metabolisms, and detoxification. The changes
in nucleomorph genes, in contrast, were minimal. Interestingly, the light response process
is not plastid-specific as more than half of the nuclear light-responsive genes were
predicted to be located in the cytosol or other compartments rather than chloroplast,
mitochondria, and secretory pathway. Additionally, about half of the light-regulated genes
were predicted to be of non-photosynthetic origin, indicating that many host-derived genes

were integrated into the light stress transcriptional network.

2.3 Material and methods

2.3.1 Algal culture conditions

B. natans CCMP2755 was grown in liquid f/2 media with artificial seawater
(Guillard and Ryther 1962, Guillard 1975). From a seed culture, experimental cultures were
started by inoculating 1000 ml Erlenmeyer flasks at a cell abundance of 1x10° cells mI™,
Cultures were done in triplicate for each growth condition. All cultures were grown under
a 12:12 hour light-dark cycle under low light (LL, 60 pmole quanta.m.sec™®) at 24°C and
bubbled with air continuously for a minimum of 72 hours. Once the cultures reached
approximately 3x10¢ cells mI* (usually by 4 days), the cultures were either left in LL,
transferred to very low light (VL, 20 pmole quanta.m?.sec’?), or placed under high light
(HL, 400 umole quanta.m2.sec’?) 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 abundance and chlorophyll extraction

One ml of culture was fixed with a drop of Lugol’s iodine (Throndsen 1978) and
counted with a Neubauer haemocytometer. For chlorophyll extraction, B. natans cells were
collected by centrifuging at 12,000 x g at 4°C for 5 minutes. The supernatant was removed
and the chlorophyll extracted with 80% acetone (v/v) by vortexing. The mixture was
centrifuged for 5 min at 12, 000 x g and the supernatants measured at 664, 647, 750, and
470 nm with Beckman-Coulter DU720 spectrophotometer. Chlorophyll concentrations

were calculated according to the equations of Porra et al. (1989).

2.3.3 Fluorescence and Oxygen evolution measurements

To monitor chlorophyll fluorescence yield, 5 ml of B. natans culture from each
light condition were dark-acclimated on a shaker for 10 minutes, then filtered on to a glass
microfilter fibre disc (Whatman GF/C). Chlorophyll fluorescence was directly measured
off the disc using a PAM 101 chlorophyll fluorometer (Walz, Germany). A saturating light
pulse of 2000 pmol quanta m?s* was applied to each sample in order to measure dark-
acclimated maximum fluorescence yield (Fm) and the maximum 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 Clark-type oxygen electrode (Hansatech
instruments, England). The measurements were done before and after transfer of the
cultures to the different light treatments (VL and HL) to follow the photosynthetic impacts

of the transition. O> 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 Illumina sequencing

RNA was extracted from B. natans using 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 speed (3,000 x g) at 4°C for 15 minutes. Cells were resuspended in an
RNA extraction buffer (150mM Tris-base; 50mM sodium tetraborrate; 50mM EDTA,; 2%
SDS; 1%v/v -mercaptoethanol) and the tube gently inverted while heating at 65°C for 10
minutes in a water bath. The mixture was then homogenized in a Potter-Elvehjem tissue
grinder prior to extracting with an equal volume of chloroform: isoamyl alcohol (24:1) to
remove proteins and carbohydrates. RNA was centrifuged at 11,000 x g for 15 minutes and
then precipitated in two volumes of 95% ethanol, followed by resuspending in deionized-
distilled water and re-extraction with 1:1 phenol:chloroform solution, twice. RNA was then
precipitated by adding 1/10" volume of 3M sodium acetate (pH 5.2) and 2 volumes of 95%
ethanol. The RNA solution was pelleted by centrifugation, followed by 70% ethanol wash.
RNA was resuspended in deionized-distilled water and re-precipitated with a half volume
of 5M lithium chloride at 4°C overnight. The RNA solution was then centrifuged at high
speed 12,000 x g at 4°C for 15 minutes and washed with 70% ethanol. Finally, the RNA
pellet was re-suspended in a small volume of deionized-distilled water and kept in the -
80°C freezer until needed.

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

MA, USA) for 30 minutes at 37°C to remove any contaminating genomic DNA. DNasel
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was inactivated by adding 5 mM of EDTA and heating at 75°C for 10 minutes. In order to
have high quality of RNA for sequencing, the RNA sample was further purified using the
RNeasy plant mini kit (Qiagen, MD, USA). RNA quality was assessed using the A260/280
and A260/230 and the integrity of the RNA was checked on a 1.2% formaldehyde-agarose
gel.

Total RNA was sent to McGill University and Génome Québec Innovation Centre.
Complementary DNA (cDNA) libraries were generated from 250 ng of RNA with
Illumina-Truseq stranded mRNA library preparation kit. Poly-A selection using Oligo-dT
beads to capture poly-A tails was used to purify mMRNA molecules from the total RNA.
The mRNA was then primed with random hexamers to generate first strand of cDNA using
reverse transcriptase, followed by second-strand synthesis. Adapter sequences were
subsequently ligated to the cDNA, allowing the multiplexing of different samples (9 in
total) to be sequenced in the same lane of the sequencer’s flow cell. Samples were amplified
by Polymerase Chain Reaction (PCR) to create a total of nine cDNA libraries

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

The nine cDNA libraries were then sequenced on an Illumina HiSeg4000 platform with
paired-end run and 100 bp in length (2x100 bases) on a single flow cell. Number of reads
(sequencing depth) generated from the sequencing for each library (paired reads) varied

from 82 to 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 (FLEXBAR version 2.4) program. A minimum of
7 bases was required to match the adapter sequence, which was removed from the 3’ end
(or right end) of the read. The first 13 initial bases on the 5’ end (or left end) of the read
were removed to discard poor quality bases. The maximum uncalled bases was 300 and
minimum read length after trimming was 25 bases (Dodt et al. 2012). FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was then used to check the

quality of the sequence data prior to downstream analysis.

2.3.5.2 RNA-seq reads alignments

Bigelowiella natans whole genome and gene annotation was downloaded from JGI
(Curtis et al. 2012) and used as a reference genome and a reference gene annotation for
mapping,  respectively.  TopHat2  version 211 (Kim et al. (2013);
https://ccb.jhu.edu/software/tophat/manual.shtml) was employed to perform the alignment
as it is a fast-spliced aligner, capable of mapping reads spanning intron regions. The
reference genome was indexed by Bowtie2 version 2.2.9 (Langmead and Salzberg 2012)
prior to running on TopHat2 in order to retrieve their positions rapidly. TopHat2 first
mapped reads to the transcriptome annotation file, the unmapped reads would then map to
the reference genome file as the already mapped reads were converted into genomic
sequences. The library type was set as first strand to instruct TopHat that the second read

came from the original RNA strand, while first read was from the opposite strand. The
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inner-mate 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 read could have 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 2.2.1 (Trapnell et al. 2012) was used to assemble all the aligned
reads from TopHat2 against reference gene annotations, creating a transcriptome assembly
and estimating transcript abundances. Longer transcripts produce more fragments than the
shorter transcripts and each replicate has different numbers of reads; therefore, reads that
map to each transcript have to be normalized by each transcript’s length and library size.
Cufflinks takes both into account and provides a normalized count as fragments per
kilobase of transcript per million mapped fragments or FPKM (Trapnell et al. 2010).
Transcriptome assemblies of nine libraries were then merged together using Cuffmerge, a
tool in Cufflinks package, to generate a master transcriptome for use in Cuffdiff.
Expression level of genes and transcripts along with statistical analysis for testing
significant changes between libraries was generated from Cuffdiff. Output from Cuffdiff
can be directly imported into CummeRbund, a package in R, for visualization (Trapnell et
al. 2012). Details of the RNA-seq analysis pipeline we employed are described by Trapnell
et al. (2012) and Griffith et al. (2015). Differentially expressed genes (DEGS) were
determined by two criteria. First, they must have corrected p-value (False Discovery Rate;
FDR) < 0.01 and, second, a log: fold change (LFC) < -1 or > 1. Benjamini and Hochberg
correction is taken into account to control 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 3.0 (De Hoon et al. 2002). The FPKM values of each gene were loge-
transformed and centered by median values. Hierarchical clustering with a complete-
linkage was then applied and the cluster of DEGs was visualized by Java TreeView 3.0
(Saldanha 2004). Nucleotide sequences of the DEGs dataset were extracted and input to
Blast2GO pro (Go6tz et al. 2008) to predict gene descriptions based on green algae, green

plants, and cercozoan databases, respectively, via BLASTX.

2.3.5.4 Gene set enrichment analysis and pathway visualization

The Biological Network Gene Ontology tool (BiNGO), a plugin implemented in
Cytoscape (V3.2.0) (Maere et al. 2005), was used to analyse gene 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.gov/) to determine which function, process, and cell component the
gene sets are significantly over-represented. BINGO uses a hypergeometric test to
determine the enrichment of a GO term from the user’s gene set and calculates significance
as P-value (default is 0.05) and FDR.

Protein sequences of DEGs data from both conditions were submitted to KASS
(Moriya et al. 2007) for KEGG annotation based on best hit from Smith-Waterman scores.
We selected 38 organism databases as a reference dataset (supplementary data, Table A2.2)
for the KEGG annotation and obtained KEGG orthology (KO) identifiers, or the K
numbers, for each gene in DEGs. KEGG orthology was then mapped to the PATHWAY
database to visualize changes of gene expression in metabolic pathways using Pathview

R/Bioconductor package (Luo and Brouwer 2013).
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2.3.5.6 Subcellular 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. Because B. natans
plastid-targeted proteins have a bipartite, N-terminal targeting domain that starts with a
signal sequence (Patron and Waller 2007), genes predicted to have signal peptides from
SignalP 4.1 (Petersen et al. 2011) were separated from the others and used as input with
ChloroP 1.1 (Emanuelsson et al. 1999) and PredAlgo (Tardif et al. 2012) prediction
programs. To maximize accuracy, sensitivity, and specificity, the 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 positive ChloroP or 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 1.1 (Emanuelsson et al. 2000) and PredAlgo. Sequences predicted to have
mitochondrial- transit peptides (mTPs) using 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 from DEGs dataset

Protein sequences of DEGs dataset were extracted and performed BLASTP against
non-redundant protein database (nr) using Blast2Go Basic (G6tz et al. 2008). Top-blast
hits were then exported to examine origins of each gene manually (E-value cut off 1079).
Phylogenetic trees generated by RAXML were retrieved from Curtis et al. (2012) to

validate our results. From 2491 HL-regulated DEGSs, there were 929 genes for which
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phylogenetic trees were available. We randomly took 30 genes to examine whether the two

approaches rendered 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 very-low light (VL) and the physiological response assessed by measuring changes
in cell abundance, chlorophyll content, and chlorophyll fluorescence. After 4 hours of HL,
there was a substantial drop of maximal fluorescence yield (Fm, Table 2.1), corresponding
to a significant decline in Fv/Fm to 0.2 + 0.06 (p=0.0000114, one-way ANOVA, Tukey
test), indicating photodamage to PSII. VL-treated cells, on the other hand, showed no
change in Fv/Fm compared to the control (Table 2.1). 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 of HL shift and
remained high for the 4-hour 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 of O, consumption, representing an estimate of cellular
respiration, decrease transiently after 10 minutes of HL stress, but was otherwise
unchanged over the 4-hour treatment period. There was little significant change in the dark-
rate of Oz consumption following transfer to VL over the 4-hour incubation. 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/b ratio under HL relative to LL (Table 2.1).
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2.4.2 RNA-seq analysis

The quality of RNA-seq 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 million (paired) reads from each of the 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 Cuffdiff to quantify expression level between treatment (VL or
HL) and control (LL) samples (see Methods section). We used a multidimensional-scaling
(MDS) plot from CummeRbund to determine variability and estimate similarity among
replicates and samples in the datasets. 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 used effectively as replicates to examine differential gene expression.

Genes were considered differentially expressed if the g-value (corrected p-value)
was <0.01 and the log> fold change (LFC) was > 1 or <—1 (Fig. 2.3). In HL, we identified
2,491 differentially expressed genes (DEG), which was 11.5% of the total number of
annotated B. natans genes (21,708, Curtis et al. 2012). Under VL, there were fewer DEGs
with a total of 543 (or 2.5%). In response to HL, 60% of DEGs were up-regulated and 40%
were down-regulated. In contrast, 23% of DEGs were up-regulated and 77% were down-
regulated under VL. While most (94%) of the DEGs were regulated under a single
condition, there were genes inversely regulated between VL and HL. For instance, the
expression of 74 genes that was up regulated under HL stress were down-regulated under

VL, and most of these were involved in photosynthesis (antenna proteins), carbon
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metabolism, and vitamin B biosynthesis (Fig. 2.4). Similarly, 24 genes showed reduced
expression under HL, increased expression under VL. These included PSII components, a
serine protease htra2, a SAM-dependent methyltransferase, a serine threonine kinase, and
a non-specific phospholipase C6. However, 16 and 52 genes were either co-up or co-down
regulated under HL and VL, respectively (Fig. 2.4). The co-up-regulated genes included a
pyruvate kinase, a chaperonin, and an RNA-binding protein (Pentatricopeptide repeat
proteins; PPR), while the top co-down-regulated genes related to leucine-rich repeat,
sodium calcium exchanger, and a GTPase.

When the expression levels of the DEG dataset are displayed in a hierarchical
clustering heatmap, it is clear that VL- and LL-treated samples are more similar to each
other than to the 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 BiINGO with a custom GO
annotation available for B. natans at JGI (https://genome.jgi.doe.gov). GO terms that were
significantly over-represented in the HL up-regulated DEGs were involved in cellular
ketone metabolism, 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). HL down-regulated
DEGs were enriched broadly in enzymes annotated as having “oxidoreductase” activity, a
broad group of enzymes involved in electron transfer reactions, plus enoyl-CoA hydratase
activity, which is a component of the beta oxidation of fatty acids (Fig. 2.6C). Genes that

were down-regulated under VL, however, had enriched GO terms over-represented 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 alterations of expression of genes encoding
enzymes in 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 metabolism (Fig. 2.7, coloured boxes and supplementary data, Fig
A2.2). The carbon metabolic pathways affected included glycolysis, pentose-phosphate
pathway (PPP), the tricarboxylic acid (TCA) cycle, and the Calvin-Benson cycle
(supplementary data, Fig. A2.2). Most of the genes involved in glycolysis, the core
pathway of glucose metabolism, were up-regulated, 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), phosphoglycerate kinase (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 pentose-phosphate pathway (PPP) is an
anabolic pathway associated with the production of reducing equivalents (NADPH) plus
precursors for a variety of anabolic pathways, including nucleotide and fatty acid
biosynthesis (Berg et al. 2002). Genes encoding the PPP enzymes in the non-oxidative

phase, ribose-phosphate pyrophosphokinase (E.C. 2.7.6.1), ribose-5-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 pyruvate dehydrogenase (E.C. 1.2.4.1) that exhibited a very large
3 LFC. Predictably, genes encoding Calvin-Benson cycle enzymes, such as RuBisCo
(4.1.1.39), fructose-1,6 biphosphatase (3.1.3.11), phosphoribulokinase (2.7.1.19), and
sedoheptulose-1,7 bisphosphatase (3.1.3.37), were all up-regulated (red boxes, Fig. 2.7) up
to 3.2 LFC. Overall, genes that function in anabolic and catabolic carbon metabolic
pathways were affected by HL.

Many genes associated with protein metabolism showed a strong change in
expression under HL (supplementary data, Table A2.4). The expression of ribosomal
protein gene transcripts was dramatically influenced by HL, with 37 out of 43 genes having
between a 1.2 to 3.8 LFC. There was also elevated expression of genes-encoding
translation initiation factors and aminoacyl-tRNA synthetases (2-3 LFC). Along with the
increased expression of genes involved in protein synthesis, HL also increased expression
of genes involved in protein degradation, such as, several polyubiquitin genes (up to 3.5
LFC). In addition, high-light stress increases the accumulation of chaperone gene
transcripts, like those for heat-shock proteins. Even though this group of proteins was not
shown in the functional enrichment analysis, they have a marked response to HL stress.
We detected six genes predicted to encode HSPs that were all elevated in HL stress. There
was a strong up-regulation of HSP70B mRNA with 2.2 LFC, along with those encoding
other HSP-related proteins (Table 2.2).

Reactive-oxygen species (ROSs) are 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 variety of ROS detoxification enzyme transcripts (Fig. 2.8).
Many of these included thiol-reactive enzymes involved in redox regulation and ROS
detoxification. For instance, seven thioredoxin-related genes were differentially expressed,
of which six were up-regulated under HL stress. Thioredoxin-dependent peroxidase and
thioredoxin h2 strongly increased by 3.4 and 2.3 LFC, respectively, and this response
corresponded to an up-regulation of peroxiredoxins, which work together to remove ROS
(Goyer et al. 2002). The expression of glutathione-s-transferase, an enzyme family
involved with cellular detoxification (Marrs 1996), was complicated as some family
members strongly increase with HL exposure while others decreased (Fig. 2.8). A variety
of enzymes involved with hydrogen peroxide detoxification, such as glutathione
peroxidase and cytochrome c peroxidase, also had complex regulatory patterns indicative
of unique functional roles within the cell.

The expression of genes involved in vitamin B biosynthesis interestingly exhibited
a clear pattern upon 4hr HL-exposure (Fig. 2.9). Several genes encoding enzymes involved
in riboflavin (vitamin B2), pyridoxine (vitamin B6), tetrahydrofolate (previously called
B9), and cobalamin (also known as B12) metabolism were all up-regulated 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 LFC) were also observed, which is likely part of a non-
enzymatic antioxidant system.

The last group of genes that was influenced by HL was the one involved in fatty

acid metabolism. Seven genes encoding enzymes involved in fatty acid metabolism
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showed a clear up-regulation, including genes encoding plastid acyl-carrier proteins,
stearoyl desaturase, beta-hydroxyacyl dehydratase, short-chain dehydrogenase reductase,

and ACP transacylase, between 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 very-low light (VL) condition for 4 hours,
more than half of 543 VVL-regulated genes were down-regulated (76%). According to GO
analysis (Fig. 2.6D), one of the most over-represented, down-regulated 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 supplementary data, Fig. 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 under VL (24%), but increases in the expression of some
PSII subunits, usually by 1.4-1.5 LFC, was observed under VL (supplementary data, Fig.
A2.3, colored dots). Interestingly, genes encoding three enzymes involved in
gluconeogenesis, mitochondrial redox state, and glycolysis — pyruvate phosphate
dikinase, glycerol-3-phosphate dehydrogenase, and pyruvate kinase — were 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
green-algal symbiont from which the plastid evolved. In B. natans the nucleomorph has

331 identified genes (Gilson et al. 2006) on three chromosomes. We aligned RNA-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 (corr p-value < 0.01), most did not meet our second
criterion of having a LFC of >1 or <-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 cutoff value of 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, and HSP90) that
are responsible for folding and turnover of proteins showed a high abundance in both high
and very low light compared to low light condition according to their FPKM values (Fig.

2.10).

2.4.6 Predicted Subcellular Localization of DEGs

We also predicted subcellular localization of proteins encoded by light-regulated
genes using several predictor tools (See “Methods™ section) to gain better understanding
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 endomembrane
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 proteins would have a
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predicted signal peptide (SignalP) followed by a chloroplast transit peptide (ChloroP or
PredAlgo), as described by Rogers et al. (2004). Of course, the plastid in
chlorarachniophytes is complex with several potential intraplastid destinations, and our
predictions do not differentiate between them. While most of these plastid-targeted DEGs
were photosynthesis-related, 13 of 47 of HL genes encoding ribosomal proteins also
contain potential-terminal chloroplast transit-peptides (cTPs) and exhibited an inclined
expression following HL exposure, suggestingelevated protein synthesis in the chloroplast.
All proteins lacking a predicted signal sequence were analyzed using TargetP and
PredAlgo to screen for mitochondrial-targeted proteins. If either tool predicted a
mitochondrial-transit peptide (mTP) in a sequence, that sequence was considered to be
targeted to mitochondria. The number of predicted, light-regulated mitochondrial genes
was substantial, being 16.6% and 21.0% of the DEGs in VL and HL, respectively.
However, these prediction tools are not optimized for chlorarachniophytes 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 light-regulated transcripts would
ultimately have come from the photosynthetic endosymbiont. To test this idea, | attempted
to identify whether the light-responsive genes arose from an algal endosymbiont (green or
other) or had a non-photosynthetic host origin, presumably the host. From a BLASTP
search of Genbank using the identified DEGs, 20 top-blast hits were obtained for each. The
first hit with E-value < 1071% was selected for interpretation, or if it was a self-hit, then the

next one on the list was used. In total, there were 1619 HL-regulated and 316 VL-regulated
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genes that surpassed the E-value 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% had a top BLAST hit to non-
photosynthetic groups, including opisthokonts, amoebozoa, excavates, bacteria, and others
(Fig. 2.11, top). Of the photosynthetic groups, two-fifths were clearly related to a green
alga/plant protein and the rest included red algal-derived plastid-organisms (red algae,
stramenopiles, alveolates, cryptophytes, and haptophytes) and cyanobacteria. In the VL
dataset, there was a similar diversity, where the contribution of hits from the green lineage
(15%) was smaller than that from non-photosynthetic group (44%) and 38% were from
other photosynthetic taxa (Fig. 2.11, bottom). While using the top BLAST hit to evaluate
evolutionary origin is fast, it is not necessarily the most accurate approach. To validate the
approach, 30 phylogenetic trees were randomly selected from tree analysis contained in
Curtis et al. (2012) and examined for gene origin. This limited assessment gave the similar
results to our blast hit data. Overall, light-regulated transcripts 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 obtained their plastid secondarily from an endosymbiont
green alga and still possess a vestigial endosymbiont nucleus, the nucleomorph (Archibald
et al. 2003). During the secondary endosymbiosis, they underwent extensive horizontal
gene transfer, which had profound effects on the photosynthetic apparatus, resulting in a
large modification that greatly impacted the PSI reaction center and antenna composition
(Koziol et al. 2007, Curtis et al. 2012, Neilson et al. 2017). These modifications were
suspected to affect their ability to cope with light stress, and their antenna regulation was
recently investigated. Neilson et al. (2017) characterized antenna functions of 19 LHCs
detected in B. natans based on their transcript abundance levels. The photoprotective role
was suggested for divergent antennae, stramenopile-like LHCX and LHCZ genes, while
other LHCII and LHCY genes mostly had a moderate decline under HL stress to limit light
absorption under HL. However, the general mechanism in response to light stress is
unknown. With the benefit of an available complete whole nuclear genome, we conducted
an RNA-seq experiment to examine transcriptomic changes in response to either excess or
limited light in B. natans to better understand the photoprotective mechanisms via general
regulated pathways in the cell. B. natans displayed an incorporation of many pathways to
detoxify harmful by-products like ROSs and increase 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 strategies B. natans employed in response to HL share similarities
to transcriptional changes observed in green algae (Im et al. 2003, Erickson et al. 2015),

plants (Rossel et al. 2002, Murchie et al. 2005, Zhao et al. 2016), diatoms (Dong et al.
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2016) and even cyanobacteria (Hihara et al. 2001). The most obvious of these responses is
an increased expression of genes involved in reactive oxygen species (ROS) detoxification
and primary metabolism (lipid, carbon, and protein). The 4-hr HL treatment was clearly in
excess as photosynthetic rates remained high and PSII quantum efficiency declined,
indicative of PSII damage, forcing the cells to acclimate. The excessive energy absorbed
into the system leads to formation of triplet chlorophyll a that can lead to ROS formation
that is harmful to the cell components (Niyogi 1999). Both enzymatic and non-enzymatic
antioxidants, including glutathione peroxidases, superoxide dismutases, catalases,
peroxidases, tocopherols, ascorbates, and carotenoids, are essential to detoxify ROS (Das
and Roychoudhury 2016). B. natans induced the expression of a variety of antioxidant
genes, such as glutathione peroxidases, cytochrome c peroxidases, carotenoid, and
tocopherol synthesis, as commonly observed in plants, green algae, and diatoms (Karpinski
et al. 1997, Kimura et al. 2003, Ledford et al. 2007, Nymark et al. 2009, Zhao et al. 2016).
We also found strong increased levels of several genes encoding enzymes in peroxiredoxin
and peroxidase groups. Peroxiredoxins (PRXs) work together with thioredoxins to buffer
ROSs produced under light stress. We have identified two genes encoding PRXs, including
PRXs type Il, moderately increased in response to HL, which is similar to observation in
A. thaliana leaves (Horling et al. 2002, Lamkemeyer et al. 2006).

The changes in vitamin B metabolism genes, which function to produce precursors
of cofactors in various enzymatic reactions, are intriguing as these genes are susceptible to
many stress conditions but are not well studied. The accumulation of ROSs can cause
oxidative damage to many compounds in the cell, leading to cofactor damage and

ultimately vitamin B deficiency under stress (Hanson et al. 2016). The elevated mRNA
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level of genes associated with enzymes in vitamin B biosynthesis in B. natans not only
correlates to increasing growth rate under HL stress (Neilson et al. 2017), but also identifies
a potential role they may play in detoxifying ROS. Supporting this, in A. thaliana mutants
deficient in pyridoxal synthase (pdx1.3 mutation), or vitamin B6, show increased singlet
oxygen after exposure to high irradiance and increased lipid peroxidation relative to wild-
type leaves (Havaux et al. 2009). Ouyang et al. (2010), additionally, showed the severe
photooxidative damage under HL of the phsl mutant of Arabidopsis (the PHS1,
At3g47390, gene encodes a protein containing a riboflavin deaminase-reductase domain)
as shown with its high antioxidant activity 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 light-harvesting capacity (Maxwell et al. 1995), induce
photoprotection mechanisms (Niyogi 1999), and increase the demand (or sink) for
reductant produced via the light reactions to alleviate the accumulation of reductant (Davis
et al. 2013), the latter of which will be discussed later. Changing the light harvesting and
photoprotection capacity work hand-in-hand. In B. natans, the rapid and large decrease in
PSII efficiency under HL, commonly observed in plants and algae, indicates elevated PSII
damage and enhanced quenching mechanisms, which can effectively reduce the light
harvesting capacity and induce photoprotection. While some PSlI-components were
upregulated, perhaps indicative of PSII repair processes (Grasse et al. 2011), others
decreased. For instance, there was a clear decrease 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 PSII-components may be
related to PSII turnover during HL stress.

Increasing sink capacity is another strategy for surviving in the presence of excess
light, which is well described for plants (Chow et al. 1991, Morin et al. 1992, Rossel et al.
2002). In plants, the sink can be the production of starch (Walters et al. 2003) and the
synthesis of sucrose for transport to distant cells and organs (Lemoine et al. 2013). In B.
natans, the sink capacity seems to manifest itself in the form of increased carbon fixation,
as evidenced by the enhanced expression of many genes encoding Calvin-Benson cycle
enzymes. Miller et al. (2017) identified increased protein levels involved in the Calvin-
Benson cycle under HL in A. thaliana. The increase of Calvin cycle enzyme activity has
shown to be related to higher maximal photosynthetic rate as indicated in Tradescantia
albiflora (Chow et al. 1991). Similar to plants, the Calvin cycle activity and the relative
content of enzymes in the Calvin cycle in Chlamydomonas reinhardtii and Chlorella
sorokiniana, respectively, were enhanced upon HL exposure, which would increase the
demand for NADPH and ATP produced 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 diverted. Neilson et al. (2017) observed an increase in growth rate
in B. natans under higher light intensities, something that is common amongst green algae
(Wilson and Huner 2000, Davis et al. 2013). My HL transcriptome results show an

increased expression of genes for a suite of metabolic enzymes necessary for supporting
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elevated growth rates. These include lipid 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 clearly up regulated, which would be expected for an increase in membrane
biosynthesis, enhancing membrane stability during HL as suggested in green algae and
diatoms (Thompson 1996, Dong et al. 2016). While these increases could be involved in
the synthesis of cell membranes to support enhanced cell division, lipid metabolism may
also an indicator of elevated lipid content, a response that is commonly found in other algal
species when subjected to a variety of environmental stresses, such as temperature,
nutrition starvation, and light intensity (Rabbani et al. 1998, Solovchenko et al. 2010,
Simionato et al. 2011). Elevation of carbon metabolism may also participate in consuming
excess reductant under HL to support increasing cell growth. As an example, genes
encoding enzymes in glycolysis, tricarboxylic acid cycle, pentose-phosphate pathway, and
the Calvin-Benson cycle were mostly up-regulated. These metabolic pathways are often
seen up-regulated in plants (Wulff-Zottele et al. 2010, Jankédnpéa et al. 2012, Obata and
Fernie 2012, Dyson et al. 2015) and algae (Parker and Armbrust 2005, Johnson and Alric
2013) exposed to HL, correlating with starch accumulation. Interestingly, the increased
expression of genes encoding TCA cycle enzymes were all associated with the transition
from pyruvate to acetyl Co A and the first part of the cycle (citrate formation), while
expression of genes encoding enzymes in the latter part of the cycle were all decreased.
This suggests that, under HL that generates excess energy and reductants, they are funneled
through fatty acid and amino acid biosynthetic pathways rather than completing the cycle

to produce more reductant (supplementary data, Fig. A2.2). Moreover, the increased
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expression of genes in PPP were mostly in the non-oxidative phase likely to use excess
energy for glycolytic intermediates and nucleotide biosynthesis. B. natans clearly
stimulates biosynthetic pathways to consume excess energy, preventing accumulation of
toxic byproducts and oxidative damage.

Additionally, there was a significant enhancement of expression of genes encoding
ribosomal proteins, amino-acid tRNA synthetases, and translation-initiation factors, all
suggesting that protein synthesis and metabolism are enhanced. This could clearly help
balance protein synthesis and degradation during the HL stress (Nelson and Millar 2015).
For instance, turnover of oxidatively damaged proteins, such as the D1 reaction center
within PSII, is well known (Greenberg et al. 1987, Schuster et al. 1988). However, these
transcriptome changes likely support the elevated rate of growth under HL. In
Chlamydomonas, HL also triggers faster cell growth and protein synthesis is dramatically
up-regulated as a result (McKim and Durnford 2006). A metabolomic study by Davis et al.
(2013) indicated a HL-induced increase in the amino acid pool size in Chlamydomonas,
which could be due to either de novo biosynthesis or increased protein degradation.
Regardless, the changes in amino acid biosynthesis gene expression suggest similar
acclimation strategies in B. natans. An upregulation of ribosomal protein genes under HL
stress, has also been detected in several additional studies (Mclntosh and Bonham-Smith
2006, Ferreyra et al. 2010, Sormani et al. 2011). Of course, ribosomal 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 diatom Thlassiosira
pseudonana, several ribosomal protein genes were up-regulated upon exposure to HL

stress for 10 hours (Dong et al. 2016), and, in a different diatom, Phaeodactylum
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tricornutum, ribosomal proteins were down-regulated in the dark (Bai et al. 2016). In
plants, one ribosomal protein (L10) responded specifically to UV-B exposure (Ferreyra et
al. 2010). The role of the different ribosomal proteins expressed under these unique light
environments needs to be studied further to understand the implications at the level of
protein synthesis. B. natans also had a collection of chaperonins or heat-shock proteins
(HSP) whose expression fluctuated during HL stress, which was also observed in
Srivastava et al. (2013). While an enhanced protein synthesis rate would likely require a
greater chaperonin capacity, some of these chaperonins could be responding specifically
to ROS damage (Banzet et al. 1998, Lee et al. 2000, Rossel et al. 2002) and induced to
combat misfolded and aggregated proteins (Debel et al. 1997, Schroda et al. 1999, Hihara
et al. 2001, Kimura et al. 2003, Scarpeci et 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 response. This includes the
downregulation of dozens of anabolic pathway genes (Supplementary data, Fig A2.1,
bottom). These include a decline in the expression of genes involved in cofactor/vitamin
biosynthesis and carbon metabolism. In B. natans, the expression of genes encoding
carbonic anhydrase, which are essential for converting bicarbonate to CO, to enhance
carbon fixation photosynthesis, was all down-regulated under VL, indicating a lower
carbon fixation as due to the insufficiency of light to produce energy. Low level of carbonic
anhydrases has also been observed in maize leaves exposed to low light intensity (Burnell
et al. 1990). Since the responses under VL are similar to nutrient starvation, the increase

of pyruvate phosphate dikinase- and pyruvate kinase- encoding genes might infer the
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activation of nitrogen remobilization (Taylor et al. 2010) and ATP production (Wu and
Turpin 1992), respectively, while up-regulation of the GPDH encoding gene is likely to
help in balancing redox state in the mitochondria (Shen et al. 2006) under limited light
condition.

B. natans possesses a complex plastid that resulted 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 sets of plastid
membranes (Hibberd and Norris 1984). Thus, in chlorarachniophytes like B. natans, there
are four different genomes that potentially must be coordinated to respond to
environmental conditions, like a change in light intensity. The nucleomorph genome is
compact and reduced in size with 284 predicted nucleomorph- encoded genes (Curtis et al.
2012), where only 17 of these encode plastid-targeted proteins and the rest encode
housekeeping proteins required for plastid maintenance (Gilson et al. 2006). There is little
known about the regulation of the nucleomorph genes. In response to HL, there was only
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 shift. Coincidentally,
Suzuki et al. (2016) found the same gene (of two) to be differentially regulated during the
dark phase of the diurnal cycle. Interestingly, nucleomorph chaperonins (HSP70, HSP90)
appear to be the most abundantly expressed genes in the nucleomorphs of several
chlorarachniophytes and cryptomonads (Hirakawa et al. 2014), and are 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 HSP90 similar to the findings of
Hirakawa et al. (2014). Certainly, in B. natans, there are few light-responsive genes, and
any that were present during the endosymbiosis were either lost or transferred to the host
nucleus.

The predicted subcellular location of the DEGs under HL and VL reinforces the
idea that responding to light appropriately is not a plastid-specific mechanism but requires
the integration of pathways throughout the cell. Predicting plastid-targeted proteins in
chlorarachniophytes is relatively robust due to the unique structure of the pre-sequence that
is composed of a signal sequence followed by what appears similar to plant transit peptides
(Rogers et al. 2004, Patron and Waller 2007). However, in both cases, the number of
differentially expressed genes encoding plastid-targeted proteins after 4 hours made up
about 9% of the total (144 in HL, 19 in VVL). 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 idea raises a question. How would a non-photosynthetic 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 an 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 original 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 endosymbiosis in chlorarachniophytes (Archibald et al. 2003,
Rogers et al. 2006), meaning that the host acquired photosynthetic genes from diverse
photosynthetic endosymbionts (Archibald 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 coordination with the photosynthetic
proteins from the endosymbiont (Stegemann and Bock 2006). Presumably these
photosynthetic proteins could have been transferred with endogenous algal promoters
intact (Martin and Herrmann 1998, Green et al. 2003). However, 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 regulatory integration of the endosymbiont genes with the host
regulatory framework simpler in an evolutionary context. Since most of the plastid genes
or stress-responsive genes are encoded in the nucleus, communication between plastid and
nucleus requires a retrograde pathway to effectively coordinate expression in the two
compartments under stress conditions (Fernandez and Strand 2008). There are a variety of
proposed signals involved with chloroplast to nucleus signalling that could help
communicate a plastid-specific stress (reviewed in Brzezowski et al. 2015). These include
intermediates of chlorophyll/tetrapyrrole biosynthetic pathway (Susek et al. 1993, Strand

et al. 2003, Formighieri et al. 2012, Wittkopp et al. 2017), the redox state of the
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photosynthetic electron transport chain (Mullineaux and Karpinski 2002, Pfalz et al. 2012,
de Dios Barajas-Lopez et al. 2013, Rockwell et al. 2014), reactive oxygen species (Cruz
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 photosynthetic-specific genes
of the endosymbiont and detoxification/acclimation genes of the host was shared by both.
This would mean that similar precursors to the extant regulatory 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 tetrapyrrole-based system, especially since
precedence for such a regulatory system exists in non-photosynthetic organisms, such as
yeast (Zhang and Hach 1999) and mammalian cells (Zhu et al. 2002), and photosynthetic
organisms, including A. thaliana (Susek et al. 1993, Woodson et al. 2011) and C.
reinhardtii. However, a signalling system based on reactive oxygen species is probably
the more likely candidate given the universal transcriptional response to such signaling

molecules in photosynthetic and non-photosynthetic 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,

one-way 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 involved in fatty acid metabolism and chaperone function in

response to HL stress.

ProteinID LFC Corr p- Regulation Description Bit-
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 up MGDG specific palmitate 129413

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
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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 that show a statistically significant difference

(p<0.05).
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Figure 2.2: Multi-dimensional scaling plot shows reproducibility of the RNA-seq data

from 3 conditions and 3 replicates.
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Figure 2.3: Volcano plots representing the transcriptome in B. natans under HL (top) and
VL (bottom) compared with the LL control. A volcano plot visualizes the differential
expression of individual genes plotted as a function of the fold change (log2) on the X-axis
and the significance (-logl0 of the p-value) on the Y-axis. Black dots indicate non-
significantly expressed genes (corrected p-value > 0.01), red dots are for genes that are
significantly expressed (corrected p-value < 0.01), and green dots are genes that are

significantly and differentially expressed (corrected p-value < 0.01 and -1>LFC>1).
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Figure 2.4 Number of differentially expressed genes (DEGs) detected after a shift from

LL to 4 hours of HL and VL (corr p-value < 0.01 and -1>LFC>1).
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Figure 2.5: Hierarchical clustering of FPKM values from DEGs dataset of 3 light
conditions (VL, LL, and HL). Clustering was performed on the average of three replicates

from each light condition. The color key represents the relative transcript abundance.
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Figure 2.6: GO analysis showing top 20 most enriched functions for genes in response to
either HL or VL. (A) the top most over-represented GO terms from up-regulated genes in
HL based on biological process, (B) up-regulated genes in VL based on biological process,
(C) down-regulated genes in HL based on molecular function, and (D) down-regulated
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Figure 2.7: Carbon fixation pathway in photosynthetic organisms based on KEGG
annotations. The numbers in the boxes are enzyme commission number (EC number) and
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Figure 2.8: Differentially expressed genes involved in ROS detoxification processes in
response to 4 hours of HL stress relative to LL based on logzfold change (LFC). Protein

identification numbers (IDs) are shown in the brackets.
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Figure 2.9: Differentially expressed genes participating in vitamin B biosynthesis in
response to 4 hours of HL (black) and VL (grey) stress relative to LL based on logfold

change (LFC). Protein identification numbers (IDs) are shown in the brackets.
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Figure 2.10: Expression levels of the nucleomorph genes under three different light
intensities. The plot shows Illumina read count frequency normalized by sequencing depth
and transcript size, or FPKM (Fragments per kilobase of transcript per million mapped).
Conditions are very low light (VL), low light (LL), and high light (HL). Inset shows the
most abundantly expressed genes. Blue and red dots represent significant changes of
nucleomorph genes under VL and HL, respectively. The star represents a differentially-

expressed nucleomorph gene under HL.
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3. Bigelowiella natans light-harvesting antenna regulation and its

short-term photoacclimation

Part of this work has been published:

Neilson*, J, P Rangsrikitphoti* and DG Durnford (2017) Evolution and regulation of
Bigelowiella natans light-harvesting antenna system. J. Plant Physiol., 217, 68-76.

* Co-first authors

| performed the RNA extraction, RNA-seq analysis, chlorophyll extraction and

quantification, and NPQ kinetics.
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3.1 Abstract

Chlorarachniophytes acquired their plastid from a green alga via secondary
endosymbiosis leading to the majority of ‘green genes’ in their genome. However, a great
number of genes have been acquired from diverse evolutionarily origins. It is not clear
whether this is due to their mixotrophic lifestyles or the existence of cryptic endosymbiosis
prior to the secondary endosymbiosis. The antenna system shows clear evidence of an
evolutionary mosaicism as Bigelowiella natans possess stramenopile-like LHCXs,
LHCYs, and LHCZs, along with the green algal-like LHCIIs. However, the function of
those divergent antennae proteins has not been investigated in any chlorarachniophyte. |
started dissecting the functions of all antennae in the model chlorarachniophyte, B. natans,
in response to short-term light stress using an RNA-seq approach. LHC-encoding genes
are clearly influenced by light stress, most significantly in excessive light. Most LHCII-
encoding genes expression decreased to reduce light absorption capacity and showed a
similar response to those in green algae, while LHCX and LHCZ transcript abundance
increased substantially in response to 4 hr HL-incubation, suggesting a role in
photoprotection. To investigate the photoacclimative response and photoprotective
capabilities of B. natans, | examined photosynthetic responses to short-term light stress by
monitoring chlorophyll fluorescence changes. Overall, B. natans displayed different
mechanisms to cope with light stress, particularly non-photochemical quenching (NPQ)
mechanism, that are varied by their growth light conditions. The results, interestingly,

showed the correlation of NPQ induction in HL-acclimated cells to the expression of
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LHCX/LHCZ genes, similar to the regulation of LHCX/LHCSR in other green algae and

diatoms.
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3.2. Introduction

The absorption of light for photosynthesis starts with light-harvesting complexes
(LHCs), pigment-binding proteins embedded within the thylakoid system in chloroplast.
The LHC proteins are extraordinarily diverse and vary widely in their ability to bind
chlorophyll and carotenoid pigments (Green et al. 2003). The antenna proteins in
photosynthetic organisms have dual roles in light harvesting and photoprotection to prevent
photodamage under light stress. In response to HL, genes encoding LHCII proteins
generally decrease expression to reduce light-harvesting capacity, a diagnostic of a
primarily light-harvesting function (Maxwell et al. 1995, Webb and Melis 1995, Bailey et
al. 2001, Rossel et al. 2002, Durnford et al. 2003). However, some LHC-related proteins
have specialized roles in photoprotection involving with non-photochemical quenching
(NPQ). Their expression is often increased under the conditions that would normally
necessitate a decrease in the light-harvesting potential. One such LHC-like protein was
identified as L1818, which increased gene expression upon high irradiance (Elrad and
Grossman 2004), and later was called stress-related LHC (LHCSR) in green algae (Peers
et al. 2009). LHCSRs are absent in most plants, which instead possess a four
transmembrane-spanning protein called PSBS for photoprotection. In addition, LHCSR-
like homologs (LHCX) were also found in diatoms. These homologs show higher
expression levels under excess light and are involved in NPQ induction (Peers et al. 2009,
Bailleul et al. 2010).

Within its photoprotective role, the light harvesting antenna is involved in the

induction of non-photochemical quenching (NPQ) in response to high-light stress in plants
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and green algae (Horton and Ruban 2004). NPQ generally consists of three main
components (Mdller et al. 2001, Goss and Lepetit 2015), which are an energy-dependent
mechanism (gE), state transitions (gT), and photoinhibition (ql). gqE is the fastest
mechanism that occurs and relaxes within seconds, relying on lumen ApH, xanthophyll
cycle enzyme conversion, and conformational change of antenna proteins (LHCII)
(reviewed in Krause and Jahns 2004). Under high-light intensity, the thylakoid lumen
becomes acidified with a pH lower than 5.8 that stimulates violaxanthin de-epoxidase to
generate zeaxanthin. Minor antenna proteins (LHCIIs), in the meantime, are protonated
and their conformation changes (Gilmore 1997). The exact process of energy dissipation
remains unclear, but zeaxanthin generated upon changing of ApH could alter antenna
protein structure resulting in excitation energy transfer from antenna to zeaxanthin to be
dissipated as heat (Horton 1999, Frank et al. 1994, Owens 1994). Additionally, Psb proteins
in higher plants, stress-related LHCs (LHCSRs) in green algae, and LHCXs in diatoms aid
in sensing lumen pH and are potential quenching sites (Niyogi et al. 1997, Li et al. 2000,
Gerotto et al. 2011, Tokutsu and Minagawa 2013).

With the availability of the complete genome of B. natans (Curtis et al. 2012), we
were able to investigate structural and functional modification of its photosynthetic
apparatus as a consequence of plastid evolution. Based on BLAST searches for known PSlI
homologs, most of PSII subunits were detected except for three green-algal PsbZ, Psb27,
and Psb30 (Neilson et al 2017). While PSI seems to have undergone more substantial
structural/compositional alterations during the evolution of the secondary plastid compared

to PSII (Koziol et al. 2007, Neilson et al 2017). Many PSI subunits were undetected either
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by genomic or transcriptomic searches (Neilson et al. 2017) and none of the green algal
LHCI homologs were identified in B. natans (Koziol et al. 2007, Neilson et al. 2017). In
contrast, green algal LHCII-like antennae are still present, along with three additional LHC
groups (LHCX, Y, Z) that are within the larger LHCSR clade.

Interestingly, LHCX genes in B. natans are more closely related to stramenopile
antenna genes than to green-algal LHCSR genes. The LHCX genes are common in groups
with red algal-derived plastids found in the SAR clade. The presence of LHCX-like
proteins in chlorarachniophytes may therefore mean that they evolved before green and red
lineages separated and then the genes were lost in red algae. It could also mean that they
were transferred laterally from the SAR clade (Neilson and Durnford 2010). There are,
additionally, two other divergent antenna types that have been found in B. natans: LHCY
and LHCZ (Koziol et al. 2007). The closest relatives of LHCY are found in haptophytes,
stramenopiles, diatoms, and dinoflagellates, whereas LHCZ is a very divergent LHC that
is found only in select haptophytes and stramenopiles. The function of LHCY and LHCZ
in chlorarachniophytes remains unknown (Neilson and Durnford 2010, Buchel 2015).
LHCX and LHCZ transcripts were not detected in B. natans grown under non-stress growth
conditions in a proteomic study of the plastid. This could mean they are stress-induced
and/or not abundant (Hopkins et al. 2012). LHCY is hypothesized to function as LHCI-
like antenna proteins due to its presence in plastid protein preparations (Hopkins et al.
2012). Therefore, B. natans possesses 19 LHCs in total, consisting of one minor LHCII

(LHCB4: CP29), eight major LHCIls (LHCBM1-LHCBMS), five LHCXs (LHCX1-
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LHCX5), three LHCYs (LHCY1-LHCY3), and two LHCZs (LHCZ1-LHCZ?2) (Koziol et
al. 2007).

The antenna system in B. natans is very diverse and their function remains unclear.
We started dissecting the functions of all 19 detected LHCs using RNA seq. The RNA-seq
data obtained from Chapter 2 was used to align against extracted LHC reference genome
uniquely, followed by transcript quantification. To better understand how the antenna
complex responds to excess light, I also subjected B. natans cultures acclimated to different
light intensities to excess light stress and measured photosynthetic performance with two
fluorometry techniques, Pulse Amplitude Modulation (PAM) and Fast Repetition Rate
(FRR). Together, our data suggest a potentially different NPQ mechanism in B. natans
from that in green algae. The expression of the divergent LHCXs/LHCZs under HL stress
showed a strong correlation with pH-dependent NPQ induction as shown in HL-acclimated
cells, while VL- and LL- acclimated cells displayed a greater contribution to responses to
HL stress by photoinhibition and likely state transition. Other acclimative responses
demonstrate that B. natans is well adapted to various growth light intensities by triggering
NPQ, adjusting its antenna size and pigments to balance the energy transfer between
photosystems, and transferring excitons among antenna within PSllIs that reflects a lake

model (Bernhardt and Trissl 1999).
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3.3. Material and Methods

The general culturing conditions, biochemical analyses, and RNA isolation and
analytic approaches discussed in this chapter were as described in Chapter 2, except where

noted.

3.3.1 Algal growth condition

For many of the fluorescence analyses, B. natans cultures were acclimated to
different light conditions (12:12 light—dark cycle) at 24°C and aerated continuously for
four days prior to harvesting. Cultures were inoculated into 50-ml culture tubes in /2
seawater media to obtain 1x10° cells mI™X. The light intensities used were very-low light
(VL, 20 pmol quanta m? sec?), low light (LL, 60 umol quanta m sec’), medium light

(ML, 120 pmol quanta m sec™) and high light (HL, 400 umol quanta m sec™).

3.3.2 LHC’s RNA-read alignment and transcript quantification

RNA extraction, quality check and processing of the reads was done as described
in Chapter 2. However, the RNA-seq read alignment and transcript quantification steps
were done differently. In this study, read mapping was conducted by CLC Genomics
Workbench v10.0 against B. natans annotated reference genome downloaded from
Ensembl protists (http:// protists.ensembl.org/). Instead of aligning reads to the whole
reference genome, the paired-end reads were mapped against the 19 LHC transcript
sequences identified in the B. natans reference genome (Curtis et al. 2012). Because several
LHC sequences are nearly identical, sequencing reads were allowed to map to only one

location on the reference genome, so that a read would map uniquely to a single transcript.
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The reads were mapped only to exonic regions with a maximum of 2 mismatches, 3
insertions, and 3 deletions permitted. Reads were aligned to the annotated transcript dataset
extracted from the reference genome, requiring a minimum 80% similarity. Transcript
expression level was assessed by counting the number of reads mapping to a particular
transcript, which is directly proportional to transcript abundance. In order to correctly
calculate differential expression between control and stress conditions, those read counts
were normalized by transcript length and sequencing depth, calculated as FPKM
(Fragments per kilobase of transcript per million mapped) (Trapnell et al. 2009). FPKMs
from three biological replicates were used in statistical test for differential expression. A
proportion-based test or Baggerley’s test (Baggerly et al. 2003) was used in CLC, which is
based on a beta-binomial distribution. Samples were weighted differently depending on
library size, then proportions of counts in a group of samples were compared with another
group. Low-light samples were set as a reference to calculate fold change. A false-
discovery rate (FDR) or corrected p-value of 0.01 was used to identify significantly
differentially-expressed genes. Raw read counts and FPKM values for each LHC gene
under the three different conditions are listed in the appendix (supplementary data, Table

A3.1).

3.3.3 Chlorophyll quantification

B. natans cultures were sampled for 1 ml from each tube and spun down at
12,000xg at 4°C for 5 minutes. The supernatant was discarded prior to an addition of 80%

acetone (v/v) and vortexed to disrupt the pellet. The solution was then centrifuged at the
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same setting to separate cell debris from chlorophyll dissolved in acetone. The supernatants
containing chlorophyll were measured at 664, 647, 750, and 470 nm using a Beckman-
Coulter DU720 spectrophotometer. The chlorophyll contents were calculated according to

the equation provided in Porra et al. (1989).

3.3.4 Chlorophyll fluorescence measurement (PAM procedure)

5 ml of B. natans cultures were harvested on the 4™ day and dark incubated on a
shaker for 10 minutes prior to vacuum filtration on to a glass microfilter fibre disc
(Whatman GF/C). | then measured fluorescence directly from the disc using a PAM 101
chlorophyll fluorometer (WALZ, GERMANY). Pulse Amplitude Modulation (PAM)
fluorometry is based on the application of quite a long saturation pulse to the samples
leading to multiple turnover of reaction centers. A saturating-light pulse of 2,000 umole
quanta.m2.sec! was applied to fully close reaction centers and obtain maximal
fluorescence yield (Fm). Non-photochemical quenching or NPQ Kkinetics was also
monitored using different actinic light intensities that were 7 times higher than their growth
light intensities. For inhibitor nigericin in 95% ethanol was added into the liquid culture to

obtain a final concentration of 1, 10, and 20 pM prior to 10-minute dark incubation.
Quantum yield of non-photochemical quenching (F NPQ) was calculated along with other

relevant parameters using equations in the Table 1.

3.3.5 Fast Repetition Rate (FRR)

Though PAM is quick and commonly used to follow the changes in fluorescence

yield and derive various fluorescence parameters, the process requires several minutes
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resulting in a difficulty in detecting dynamic changes in electron transport and absorbance
cross-sections within milliseconds. The excitation protocol in PAM also tends to induce
other types of quenching due to the changes of PQ pool redox state. FRR measurement is
based on variable chlorophyll fluorescence (Fv) and suitable to monitor dynamic change
of absorption cross-section and connectivity within a single turnover of PSII unlike PAM.
Based on FRR fluorometry, we measure changes of fluorescence yield after a series of
saturation pulses/flashlets that accumulatively close the reaction centers. The reduction of
the QA and PQ pool is then independently controlled with this FRR method (reviewed in
Cosgrove and Borowitzka 2010). In this study, we used a Photon Systems Instruments
FL3500 fluorometer (Brno, Czech Republic) from a collaboration with Dr. Douglas A.
Campbell, Mount Allison University. We harvested 3 ml of culture after growth in 20, 60,
or 400 umol quanta m 2 s * (12 samples in total) and loaded them into a spectrophotometry
cuvette with a micro-stir bar inside to prevent the culture from sinking. The cuvette was
then placed in the fluorometer and sealed with a gas-tight resin connected to a temperature
control loop connected to a water bath, maintaining culture at its growth temperature
(24°C) for the whole measurement period. The sequence and timing of flashes was a
modification of the approach used by Ni et al. (2016). Briefly, the culture was first exposed
to darkness for 10 seconds, followed by a series of 40 flashlets over 128 us to cumulatively
saturate photosystem Il (PSII). PSII re-oxidation (opening) was followed by a slower flash
rate over 0.4 s. The culture was then put in the dark for 2 seconds to fully re-open PSI|,
followed by a sequential series of light treatments and FRR measurements. The light

treatments started with 12 umol quanta m2 sec”!' for 10 seconds followed by the FRR
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measurement profile described above. The process was repeated for 64, 166, 471, and 771
pumol quanta m 2 sec”!. This was followed by 4 dark recovery treatments and FRR
measurement cycles. Prior to FRR measurement, B. natans cultures were harvested to
determine chlorophyll a content, which was used to infer relative cell abundance. 5 mL of
a 2:3 ratio of DMSO:Acetone was added to 200 ul of B. natans cells and inverted
thoroughly. The mixtures were placed in a cuvette and measured in a 10-AU fluorometer
(Turner Designs, CA).

To examine whether the xanthophyll cycle influenced NPQ induction, another set
of parallel experiments were conducted in the presence and absence of 5mM Dithiothreitol
(DTT) as described above, except the light treatments were done for 60 seconds instead of

10 to obtain a better induction.

3.3.6 Whole-cell absorption spectra

Absorption spectra of whole cells of B. natans acclimated to VL, LL, and HL were
determined between 400 and 750 nm by placing 4 ml of B. natans cultures in a cuvette into
a spectrophotometer (OLIS Clarity). The spectra were normalized to the highest
chlorophyll a peak (673-675 nm) to remove density effect, then were averaged among four
replicates. We then followed the second-derivative whole cell spectra generated by
SpectralWorks software (OLIS) for detecting changes in xanthophyll cycle pigments. The
second-derivative spectra were normalized to the largest negative peak (677-679 nm),

followed by averaging among four replicates.
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3.3.7 HL Stress Recovery

The recovery of the maximum quantum efficiency of PSII of B. natans cultures
from a 4hr HL-stress was monitored over 24 hours. Cultures were grown under 60 umol
quanta m 2 sec™! (LL) in the same setting for three replications and transferred to 400 pmol
quanta m~2 sec”!' (HL) on day 4 for 4 hours. Culture samples were removed, filtered onto
glass fibre disks and the fluorescence measured using a PAM fluorometer as described
above. The cultures were sampled before and immediately after 4 hr-HL stress. Cultures
were then returned to the LL condition and fluorescence measured every 2 hours for 8
hours and then every 4 hours until 24 hours to assess the recovery from the HL-stress.
Cultures were under 12light:12dark cycle with the dark cycle started from the 8™ to 20"

hour in our sample regime.
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3.4 Results

3.4.1 Regulation of the LHC gene family

To examine the expression of the LHC gene family in B. natans using RNA-seq
data, I first had to contend with the problem of assembly with a multi-gene family, one that
has several nearly identical members. For instance, Lhcbm 1, 2 and 3, are nearly identical,
their differences limited to the 3" and 5’ UTRs or the part of the sequence coding for the
transit peptide. To overcome this issue, | aligned the RNA-seq data against the extracted
LHC reference genome with unique mapping, meaning that a single read could be assigned
only to one transcript.

B. natans LHCs can be classified into three categories based on the normalized
read-count frequency mapping to each transcript (Fig. 3.1): high expressers (Lhcbm6 and
5), medium expressers (Lhcbm1-4, 5, 7, and 8, Lhcb4, and Lhcy1-3), and low expressers
(Lhcx1-5 and Lhcz1-2). Since the Lhcbm1-3 genes would produce an identical mature
protein once translated, this LHC type could collectively be considered a high expresser.
In the case of the LHCX and LHCZ family of genes, there was relatively little expression
except following a 4 h high-light stress (Fig. 3.1). The experimental design focused on a
short-term transcriptional response, 4 h after a transition from low light into either high
light or very-low light. The transcriptional response of the genes encoding the PSII antenna
to a light shift was mixed. Lhcbm1, Lhcbm2, and Lhcbhm6 mRNAs decreased in abundance
following a shift to high light (Fig. 3.1). However, many of the LHCBM transcripts

(Lhcbm3, Lhcbm4, Lhcbm5, Lhcbm7) and Lhcb4 had a small (<2 fold) but significant
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(corrected p < 0.01) increase in response to a high-light stress. The LHCY gene family also
had a small, but significant increase under high light (Lhcyl- 2) or was non-responsive
(Lhey3) (Fig. 3.2A). When transferred to very-low light, Lhcbm6 and Lhcyl increased
expression, while Lhcbmb5 and Lhcy?2 decreased. The other LHCBM and LHCY genes did
not respond significantly to the down-shift in light intensity over the 4 h treatment. LHCX
and LHCZ encoding genes had a much greater response to high-light stress compared to
LHCBM encoding genes. Lhcx5 had the strongest expression with a 12.5 fold increase
following a shift to HL, followed by 9.9 fold increase of Lhcx3 (Fig. 3.2A). Lhex1 and
Lhcx2 were also up-regulated 6 and 7 fold, respectively. Lhcx4 showed the lowest up-
regulation among five Lhcx genes with a 3.7 fold increase compared to low light conditions
(Fig. 3.2A), but it, along with Lhcx3, also had the lowest level of expression under the
conditions tested (Fig. 3.1). Lhcz1 and Lhcz2 were up-regulated under high light 7.2 and
3 fold, respectively. The LHCZ genes had a very low expression level, similar to Lhxc3
and 4 (Fig. 3.1). After a shift from low light to very-low light (20 pmol quanta m—2 sec™}),
many of the LHCX and LHCZ genes had an inverse response with a significantly reduced
expression (Lhex1, 2, 3, 5 and Lhczl). Of these, Lhex2 and Lhex5 were down-regulated
2.7 and 4.3 fold, respectively (Fig. 3.2B). Lhcx4 and Lhcz2 expression did not change

significantly under these conditions.

3.4.2 Chlorophyll pigments concentration with light intensities

To determine the capacity for photoacclimation, B. natans cultures were grown at

different light intensities and pigment concentration measured. There was a light intensity-
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dependent drop in chlorophyll per cell. An increase in light intensity from 20 to 400 pmol
quantam~2s~! induced a steady decline in the amount of chlorophyll per cell that amounted
to a 50% reduction (Fig. 3.3). Unexpectedly, the changes in the concentration of
chlorophyll a and b per cell under the broad range of light intensities were quite similar.
The chl a/b ratio went from 1.04 under 20 umol quanta m 2 s ! to 1.16 when grown at 400
umol quanta m 2 s!, a minor (though statistically significant) change in the chl a/b ratio
(p = 0.0064, one-way ANOVA, Tukey test). There was no difference in chl a/b ratio

between the three lowest light intensities.

3.4.3 Fast Repetition Rate (FRR) Fluorometry

With the use of sub-saturating pulses of FRR fluorometry to measure single PSII
turnover (reviewed in Cosgrove and Borowitzka 2010), | can probe the functioning state
of PSII in cultures acclimated to different light intensities represented as effective antenna
cross-section of PSII and the probability of excitation energy to transfer among antenna of
PSII represented as connectivity (Kolber et al. 1998). A train of 40 flashlets was applied
to the cells acclimated to three different light intensities (VL, LL, and HL). HL-acclimated
cells had a maximum quantum efficiency of PSII (Fv/Fm) of 0.3 (Fig. 3.4A), which is
roughly a 39% decline in relative to VL- and LL- grown cells, indicating a quench state
and likely photoinhibition in HL cells. All cultures had a quick recovery after the actinic
light was turned off. During actinic light exposure, the minimal fluorescence yield (Fo")
and maximal fluorescence yield (Fm") increased when actinic light was higher than growth

light, indicating a light-dependent fluorescence in VL- and LL- acclimated cells. We
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observed an increase from the Fo (dark-adapted) to Fo~ (following light exposure) as
actinic light increased from 0 to 771 pmol quanta m 2 sec ! and mostly relaxed after 2 s
darkness (supplementary data, Fig. A3.1). However, Fo" remained constant in HL-
acclimated cells for the entire 149 seconds, while Fm’ showed a slight decline as the actinic
light increased to 771 umol quanta m~2 s™! (supplementary data, Fig. A3.1).

Using FRR fluorometry, | was also able to determine the effective antenna cross-
section of PSII (o psn / o psi”). The cross-section is a reflection of the size and functional
integrity of the antennae under different growth conditions (Kolber et al. 1998). The PSII
antenna size was relatively unchanged as reflected by consistent average o psii / o psi” from
the light period among three acclimated cultures (Fig. 3.4B) of three acclimated cultures.
In the dark-adapted state (the first light step), the initial opsii in all three acclimated cultures
were similar at 380-415 A? quanta*. During the actinic light treatment, o psi” increased
when exposed to higher light intensity than their growth light in both LL and VL, however,
this trend was not resolved with HL due to higher variation. The maximum sigma PSII was
27% higher than the initial o psi under the dark with statistically significance (p-value <
0.0051, Pairwise t-test) in the VL- and LL- acclimated cells, while the change was not
significant in HL-acclimated cells. The o psii” returned to its initial value once the culture
was returned to the dark.

The efficiency of excitation energy transfer from closed RCs to remaining opened
RCs is called connectivity, and is represented by the p (measured in dark-adapted state) or

p’ (measured in light-exposed state) term (Table 3.1). Connectivity was similar in VVL- and

LL- acclimated cells (Fig. 3.4C). The initial connectivity (p), as measured in the dark-
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adapted state, was 0.42 and 0.44 in VL- and LL- cells, respectively. This connectivity
declined approximately 87% after exposed to actinic light higher than growth light. Initial
p in HL-cells was 0.23, which was 50% lower than that in VL- and LL- cells. p’ decreased
as actinic light was increasing, but increased higher than the initial value at the highest light
intensity (0.35). Once the actinic light was turned off, p’ recovered to near the initial in VL-
and LL-acclimated cells. While p’ slowly returned during the 50s dark incubation in HL-
acclimated cells, which was still lower than the pre-stress level at the last measurement
point.

The proportion of captured light that is dissipated by non-photochemical quenching
mechanisms (F NPQ), can be estimated by using maximum Fm’ (Fm’m) achieved from
each sample because the Fm’ in our data was higher than Fm, resulting in negative F NPQ
(Serddio et al. 2005). The F NPQ estimation was based on the F NPQ equation in Table
3.1, but normalized with Fm’m. As a result, VL- and LL- acclimated cultures showed a
decline of F NPQ from around 0.13 to 0.01, while F NPQ increased from 0.04 to 0.13 in
cultures grown at HL. The higher F NPQ induction corresponds to the smaller o psii’ and

p’ in HL-grown cells in relative to the VL- and LL- grown cells.

3.4.4 Non-Photochemical Quenching (NPQ) kinetics

NPQ kinetics and mechanisms were determined based on PAM fluorometry using
a longer saturation pulse than with the FRR, leading to multiple turnovers of reaction
centers (reviewed in Cosgrove and Borowitzka 2010). The capacity to undergo non-

photochemical quenching in B. natans cultures varied with growth light intensity (Fig. 3.5).
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Cultures acclimated to different light intensities were challenged with light intensity 7
times greater than the growth light intensity to generate an equivalent HL stress and
maximum NPQ. The NPQ calculated according to NPQ equation in Table 3.1. Maximum
NPQ capacity plateaued at 120 pmol quanta m 2 s !. Below that, NPQ potential was
reduced, especially under very low-light intensities where the NPQ level was only a fifth

of that compared to high light-acclimated cells.

3.4.5 NPQ mechanisms

B. natans was able to induce NPQ during light stress and this ability increased in
cells that were acclimated to higher light intensities. NPQ, however, is a complex energy
dissipation process that occurs by a variety of different mechanisms. To explore this
further, | tested the pH-dependency of NPQ induction. The proton ionophore, nigericin,
was used to disrupt the proton gradient in the light to determine whether the NPQ
mechanism was dependent upon the pH gradient (ApH). B. natans cultures were treated
with nigericin to final concentrations of 0, 1, 10, or 20 uM prior to a 10-minute dark
incubation. Using a PAM fluorometer, the NPQ was measured in cells exposed to 600 pmol
m~2 sec”! actinic light for 12 minutes, followed by a recovery period (fluorescence traces
shown in supplementary data, Fig. A3.2). The quantum yield of PSIlI photochemistry
(Fpsi) declined to near zero after the actinic light stress was introduced in all three
acclimated cultures (Fig. 3.6B, E, H), indicating an excess light for B. natans under all
acclimation states. While none of the different light-acclimated cultures recovered fully

after 8 minutes in the dark following light exposure, the magnitude of Fps recovery
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depended on their acclimated state. HL-grown cells showed slightly better recovery,
followed by LL- and VL- grown cells respectively.

VL-and LL- acclimated cells showed a slow NPQ induction, reaching a maximum
of about 0.7 (Fig. 3.6A, D). Dissipation of the pH gradient had little effect on the induction
of NPQ in VL-grown cells and only a modest decrease (19%) was observed in LL-
acclimated cells at the highest nigericin concentration (Fig. 3.6A, D). While FNPQ
decreased as the nigericin concentration increased, the yield of energy loss through other
non-photochemical process measured as F NO increased to help dissipate excess light in
LL-cells (Fig. 3.6F). In HL-acclimated cells, F NPQ increased rapidly after actinic light
was turned on, reaching its maximum at 0.5, then F NPQ decreased immediately after the
light was off (Fig. 3.6G). There was a greater pH-dependency on NPQ induction in HL-

acclimated cells. FNPQ decreased 16% and 32% at 10 uM and 20 uM of nigericin,

respectively, compared to the control treatment. In contrast, there was an increase in F NO
(Fig. 3.61), which was pH-dependent, proportionally to the decreased NPQ (Fig. 3.6G).
The drop in FNPQ during the dark incubation was quick in the first minute, but this was
reduced or eliminated in nigericin-treated samples (HL), reflecting the magnitude of the
energy-dependent quenching gE.

NPQ mechanism may involve the use of an inducible mechanism dependent upon
carotenoids (xanthophylls). The xanthophyll cycle is a xanthophyll-dependent mechanism
for energy quenching that relies on the interconversion of violaxanthin to zeaxanthin in a
two-step process, which enhances the dissipation of light at the antenna (reviewed in Goss

and Jakob 2010). This xanthophyll interconversion is induced by plastid-localized enzymes
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that can be inhibited in vivo using dithiothreitol (DTT). I used two fluorometric methods
to examine the potential role of the xanthophyll cycle in B. natans. Using the FRR method,
there was no difference of F NPQ in VL- and LL- cells treated with 5mM DTT compared
to those without DTT (Fig. 3.7A,B). In contrast, F NPQ in HL-cells was about 50% higher
in DTT-treated cells (Fig. 3.7C). F NPQ dropped sharply to around 0, which was lower
than the initial F NPQ for DTT-treated cells. A second approach, PAM fluorometry, was
employed to further test the effect of DTT on HL-acclimated cultures by subjecting them
to different concentrations of DTT from 0 (control) to 10 mM, (Fig. 3.7D). DTT had little
effect on the induction of NPQ in HL-treated cells, indicating that the inhibition of

xanthophyll cycle enzymes had no effect on NPQ induction.

3.4.6 Whole-cell absorbance spectra

The averaged whole-cell absorbance spectra from four replicates of the same set of
cultures was normalized to highest chlorophyll a peak in the red region to remove any
density effects (Fig. 3.8A). The spectra showed clear chlorophyll a and chlorophyll b peaks
in both blue and red regions. The spectra from VL- and LL- acclimated cultures were very
similar, while the chlorophyll b shoulder in the blue region (480 nm) and the peak in the
red (650 nm) of HL-acclimated culture was lower than that in the other two. Also, lower
absorbance of both chlorophyll a and chlorophyll b peaks of HL-acclimated cultures was
more pronounced in the red region. The spectra, interestingly, displayed the unusual
predominance of chlorophyll b, where the chlorophyll a and chlorophyll b Soret peaks were

in 1:1 ratio. This corresponded to our chlorophyll quantifications that indicated that chl a/b
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ratio was around 1 (Fig 3.3). The second-derivative spectra were determined between 450
and 500 nm to explore potential differences in carotenoid content. We observed changes
of this region in HL grown cells compared to VL- and LL- acclimated cells, suggesting
changes in carotenoid pigments and likely reflecting a difference in the zeaxanthin pigment

at 485 nm (Meléder et al. 2013).

3.4.7 Recovery

With the LL cultures treated with 4 hours of HL stress, we further tested how long
it took for them to recover from HL stress based on fluorescence changes after returning to
LL for 24 hours. Prior to 4h HL-treatment, the maximum fluorescence after dark adaptation
(Fm) was very high at 1048, then substantially dropped around 60% after challenged with
high-light for 4 hours (fluorescence quenching, Fig. 3.9A). Fm increased gradually to 1061
within 8 hours after returning to LL, which was about the same level as prior to the HL
exposure (complete recovery). Since the culture was transferred to HL at start of the light
cycle and returned to LL 4 hours later, the 8" hour coincided with a shift to the dark period.
From here the Fm continued to increase and was higher than the starting point at the end
of the 24hr period. The maximum quantum efficiency of PSII (Fv/Fm) decreased 50% after
4hr of HL-stress (from 0.609 to 0.385, Fig. 3.9B), indicative of significant light stress.
Once returned to the low-light condition, Fv/Fm increased to ca. 0.5 within 2 hours and
further recovery was slow until well into the dark period (20 hr), when Fv/Fm returned to

the original level.
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3.5 Discussion

B. natans is able to acclimate to different light conditions from low to high
intensities, though is well adapted to a low light environment. When grown in increasing
light intensities between 20 and 400 pmol quantam2s™!, its growth rate plateaus at around
60 pmol quanta m~2 s~!, which is our control LL condition (Neilson et al. 2017). Like all
photosynthetic organisms, the amount of photosynthetic proteins can be adjusted inversely
according to light intensity (Walters 2005). In B. natans, a shift from 26 to 400 umol quanta
m~2 s7! cuts the amount of chlorophyll (and hence chlorophyll-binding proteins) in half.
The low-light adaptation is also obvious in the unusually low chlorophyll a/b ratio (around
1), indicating a high amount of chlorophyll b. Though it seems unusual for this high amount
of chlorophyll compared to that in other green algae (Nakamura et al. 1976), the high Soret
peak of chlorophyll b in our whole-cell spectra supported this finding. Generally, plants
and fresh-water green algae have a high chlorophyll a/b ratio ranging from 2.8 to 3.4
(Nakamura et al. 1976). Lower chlorophyll a/b ratios are also observed between 1.5 and
2.2 (Nakamura et al. 1976) in other marine greens, a feature that enhances absorption of
blue-green (Yamazaki et al. 2005). While the low chlorophyll a/b ratio implies a large
antenna characteristic of low light-adapted organisms, it may also reflect either the great
amount of chlorophyll b bound by the LHCs or different chlorophyll b-binding capabilities
of the LHCs, something that has not been investigated. Regardless, B. natans possesses the
ability to adapt to higher light intensities through the regulation of antenna composition

and size by regulating the expression of the LHC gene family. This is also intimately related
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to the induction of photoprotection mechanisms, like non-photochemical quenching. We
then examined the expression of all LHC-encoding genes and quenching mechanisms.

Genes encoding the PSII antenna system (LHCBM and LHCB4) have a moderate
transcriptional response to light intensity. This is contrary to what occurs in
Chlamydomonas which shows large (though transient) changes in transcript abundance in
response to changes in light intensity (Teramoto et al. 2002, Durnford et al. 2003, Elrad
and Grossman 2004, Humby and Durnford 2006). While one of the most abundant B.
natans transcripts (Lhcbm6) was regulated inversely in response to light intensity as
expected, others showed a small increase under HL, and little change following a down-
shift in light intensity. How this may reflect protein concentrations is unknown, but we
may have to look at changes over an expanded timeframe to understand the dynamics of
the regulation. Interestingly, one of the main LHCBM transcripts, Lhcbmb5, is regulated
inversely to the main Lhcbmé6 transcript—it is down regulated under very- low light and
increases under high light, implying an alternative role in the antenna system. The
functional significance of these changes and how this may reflect the acclimation of the
antenna system is unknown.

The lack of a clear homolog to green algal LHCI sequences raises the question
about the identity of the PSI antenna in B. natans. In short, this is unknown but Hopkins et
al. (2012) predicted that the LHCY proteins of B. natans might function as the PSI antenna,
in part due to the relative abundance in their proteomic study. The LHCY clade consists of
three genes that are positioned within the larger LHCSR/LHCX clade (Neilson et al. 2017).

Our RNA-seq data confirms that the expression of the LHCY genes is on par with the
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typical LHCII antenna gene. As a gene family, they are not tightly regulated by light and
in many respects, parallel the light response of many of the LHCII antenna genes. While
this does not give a strong indication of function, they are distinctly different from the
LHCX/Z genes that are induced by light stress. While LHCY proteins are candidates for
the chlorarachniophyte PSI antenna, it is also possible that various LHCBM proteins could
form the LHCI antenna in B. natans. Confirmation of LHCY as the B. natans PSI antennae
will require isolation of intact photosystem complexes and proteomic identification.

The LHCSR/LHCX clade contains a number of proteins that are expressed under
stress conditions and function in photoprotection. In green algae, LHCSR (also known as
L1818) is induced shortly after a transfer to HL in C. reinhardtii (Savard et al. 1996, Peers
et al. 2009, Maruyama et al. 2014) and Ulva prolifera algae (Dong et al. 2012). Peers et al.
(2009) identified an LHCSR mutant with reduced NPQ induction under HL, confirming an
important role in photoprotection. In Chlamydomonas, LHCSR3 acts as a crucial pH
sensor, triggering NPQ as excess light leads to the acidification of the thylakoid lumen
(Ballottari et al. 2016). While the expression of LHCSR genes in green algae are strictly
associated with stress conditions, the LHCX gene family in diatoms has a more variable
expression depending on the specific gene. Many of the LHCX genes in diatoms are
induced by a high-light stress, though some are expressed under non-light stress conditions
(Nymark et al. 2009, Bailleul et al. 2010, Zhu and Green 2010, Beer et al. 2011, Taddei et
al. 2016). All of these studies predict that LHCXs in diatoms play a crucial role in
responding to light stress due to their stress-related up-regulation, their evolutionary

similarity to the LHCSR-family, and their association with the induction of photoprotective
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mechanisms such as nonphotochemical quenching. In the diatom Phaeodactylum, Bailleul
et al. (2010) studied LHCX1, an LHCX protein expressed under non-stressed conditions,
and determined that it is directly involved in nonphotochemical quenching using RNAI
knockdowns, despite its expression under non-stress conditions. B. natans possesses five
LHCX genes whose expression is related to high-light stress.

The LHCX genes in B. natans are within the LHCSR/LHCX clade (Fig. 2 in
Neilson et al. 2017) and form two separate groups: an Lhcx1-4 clade and an Lhex5 clade.
After a 4 h HL stress, the LHCX genes were up-regulated between 4 and 12 fold, and the
inverse was observed when light intensity was relaxed (Fig. 3.1, 3.2). All five LHCX
transcripts in B. natans are up-regulated in response to HL and down-regulated under very-
low light, indicating that they are stress-inducible genes. Along with LHCX, LHCZ genes
are up-regulated during HL stress (Fig. 3.2). These proteins form a well-supported clade
with similar proteins from some members of the haptophytes, heterokonts and
cryptomonads (Koziol et al. 2007, Dittami et al. 2010), yet it includes no red algal, green
algal or plant representatives. LHCZ proteins (and LHCX) were not detected in B. natans
grown under non-stress growth conditions in a proteomic study of the plastid, suggesting
that its expression is limited to stress conditions (Hopkins et al. 2012). Under the conditions
tested, LHCZ expression levels were comparatively low, though still significantly
responding to light stress. The LHCX/Z gene families likely have a role in photoprotection,
NPQ in particular, like similar classes of proteins in green algae and stramenopiles (Buichel
2015, Goss and Lepetit 2015). While direct evidence for this in B. natans is lacking, the

HL-induction of the LHCX/Z genes in response to light stress correlates roughly with the
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enhanced NPQ capabilities of B. natans under increasing growth light intensities (Fig. 3.5).
In B. natans, the increased NPQ potential with light intensity suggests that there were
structural changes in the antenna system, perhaps resulting from the expression of new
antenna proteins. We hypothesize that the expression of the LHCX and LHCZ contributed
to the enhanced NPQ capabilities in B. natans, perhaps by triggering the aggregation of the
antenna to act as quenching sites that are detached from PSII (Q1 site, Holzwarth et al.
2009, Miloslavina et al. 2009). However, there are many changes in the photosynthetic
apparatus as organisms acclimate to different light intensities that could also contribute to
enhanced NPQ, such as changes in the PSII/PSI ratio (Brestic et al. 2015), and NPQ
induction at the inner antenna (Q2 site) with increased zeaxanthin synthesis.

B. natans showed a capability to induce NPQ that was light intensity-dependent as
the HL-acclimated cells had higher maximum NPQ than the lower light acclimated-cells
(Fig. 3.5). Non-photochemical quenching (NPQ) is a fast mechanism to dissipate excess
light as heat, preventing damage to the photosynthetic membrane (Demmig-Adams et al.
2014). Energy-dependent quenching (gE) is shown to be a major NPQ component that is
fast to induce and relax, which is usually triggered by lumen pH gradient (Horton et al.
1996). Under high-light illumination, the decreased pH in the thylakoid lumen results in
the protonation of LHCII antenna, which causes an aggregation or rearrangement of the
LHCII to be able to receive energy from other LHCII and dissipate into the form of heat
(Ruban and Murchie 2012). We then used nigericin to disrupt the proton gradient in the

lumen to determine whether the NPQ induction is ApH-dependent. While nigericin

inhibited NPQ induction in Nannochloropsis sp. (Cao et al. 2013) and C. reinhardtii
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(Niyogi et al. 1997) grown under LL completely at 10 uM nigericin, there was a small
amount of inhibition in LL-acclimated B. natans and no significant change of NPQ in VL-
acclimated B. natans treated with 20 uM nigericin relative to the control. In addition to a
small nigericin effect, there was also no apparent recovery in 8 minutes of darkness, likely
representing photoinhibition of PSII. While HL-acclimated cells displayed a fast NPQ
induction that was pH-dependent NPQ, about half that was inhibited by the highest
nigericin concentration, suggesting a minor g component. In plants, low pH also leads to
conformational change of the PsbS protein, presumably localized near the LHCII antenna,
to help prompt the antenna into a NPQ state (Ruban and Murchie 2012). However, green
algae use a different protein, a stress-related LHC (LHCSR), to help dissipate excess
energy (Peers et al. 2009) as supported by the reduced gE induction in npg 4 mutants (lack
of LHCSR3) of C. reinhardtii. The increased expression of LHCX (LHCSR-like) and
LHCZ genes in B. natans treated with 4 hr HL, which are not expressed under lower light
conditions in B. natans corresponded to a clear pH-dependent NPQ in HL-acclimated cells.
Interestingly, the NPQ in HL-acclimated cells was lower than that in VL/LL- acclimated
cells, showing other non-photochemical energy dissipation reflected by higher F NO (Fig.
3.6) to compensate what loss from gE in HL cells as suggested in Rosa x hybrid (Calatayud
et al. 2006). When the pH-dependent NPQ was eliminated by nigericin in HL cells, F NO
increased, likely to compensate for the decreased NPQ that in turn resulted in poor recovery
in the dark.

In addition to a direct effect of the pH gradient on the changes of LHCII, the ApH

could also indirectly change the PSII antenna via the xanthophyll cycle. The lower pH
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activates the de-epoxidation reaction of violaxanthin de-epoxidase (VDE) to convert
violaxanthin (VX) to zeaxanthin (Zx), increasing excitation energy dissipation in the PSII
as shown by zeaxanthin formation-inhibited plants (Demmig-Adams et al. 1990). Zx bound
at the V1 site of trimeric LHCII could either directly receive excitation energy from an
excited chl a molecule that will be dissipated as heat (Holt et al. 2005) or indirectly induce
LHCII aggregation to be in NPQ state (Ruban et al. 2007). However, the back reaction
from zeaxanthin to violaxanthin is driven by epoxidation by zeaxanthin epoxidase (ZEP)
and usually occurs under low light (Goss and Jakob 2010). There is an indirect evidence
indicating changes of xanthophyll cycle pigments from my data. For instance, | observed
changes in absorbance in the carotenoid pigment region of the whole-cell spectra (second
derivative; Fig. 3.8C) in HL-acclimated culture. These changes are consistent with changes
in expression of genes encoding two enzymes involved in both de-epoxidation and
epoxidation reactions in response to 4 hr HL stress from our transcriptomic data in Chapter
2 (supplementary data, Fig. A3.3). This indicated that xanthophyll cycle components are
stimulated and could be involved in the energy-dependent NPQ (gE), leading to my testing
with DTT.

To determine zeaxanthin-dependent quenching, a violaxanthin de-epoxidation
inhibitor (DTT), was used to inhibit VDE so the zeaxanthin synthesis would be abolished.
Based on FRR protocol, there were no changes of NPQ between the control and DTT-
treated cultures in both VL-/LL- grown cells, in agreement with the spectra (no carotenoid
changes observed), as carotenoid pigments changes are commonly observed in HL-

acclimated cells and associated with NPQ induction (Niyogi et al. 1997, Goss and Jakob
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2010). In contrast, HL-acclimated cells showed an increase of NPQ induction when treated
with DTT at final concentration of 5 mM. With HL-acclimated cells, we used a PAM
fluorometer to confirm the effect of DTT on NPQ induction using different concentrations
of DTT, which we observed slight (insignificant) decline of NPQ as the DTT concentration
increased and a slow recovery in the dark. This response of B. natans to DTT is different
from other organisms as NPQ induction is completely restrained in diatoms (Lavaud et al.
2002), while partially inhibited in low-light grown green algae (Niyogi et al. 1997, Cao et
al. 2013) and high-light acclimated plants (Gilmore and Yamamoto 1991). However, it has
been shown that qE in Chlamydomonas wild-type and npgl (zeaxanthin-less mutant)
showed no difference in qE (Bonente et al. 2011). HL-grown plants also showed that the
gE and zeaxanthin are less important in long-term acclimation as antioxidant mechanisms
are more likely to compensate (Golan et al. 2006). Thus, the observed changes of
xanthophyll components in my transcriptomic and the whole-cell spectra data may
represent a constitutive activation that helps dissipate excess energy through its binding
with LHC proteins, but is not directly involved in gE (Bonente et al. 2012) as there was
little or no effect of DTT to the NPQ. It is also possible that the de-epoxidation of Vx to
Zx was already induced prior to the measurement as observed in cyanobacteria (Ni et al.
2017). However, | currently do not have xanthophyll pigment quantification data that
would provide a strong indication of the xanthophyll cycle pigments’ role in NPQ of B.
natans.

Another possible mechanism for NPQ is photoinhibition (ql) that could act as a

photoprotective process to prevent more damage. Photoinhibition occurs when the rate of

124



repair fails to overcome the damage. Since PSII funnels electrons to the PSI, the
inactivation of PSII could help preventing further irreversible damage of PSI (Tikkanen et
al. 2014). Even though a certain proportion of the total quenching declined quickly after
actinic light was turned off in all acclimated cultures, the remainder declined slowly for the
rest of the recovery period in the dark and did not return to its pre-illuminated level. The
lower the light intensity to which the alga is acclimated, the more susceptible the cells were
to photodamage when exposed to excess light. VL-acclimated cells, followed by LL-
acclimated cells has poor recovery in the dark compared to that in HL-acclimated cells.
This suggests that at all acclimation states (VL, LL, HL), the rate of photodamage of PSII
exceeded its ability to repair, leading to the accumulation of damaged D1 protein and
subsequent photoinhibition (Melis 1999). The slow recovery observed in all three states of
acclimated cells may represent the PSII repair cycle involved in the degradation of
photodamaged D1 proteins, de novo D1 protein synthesis, and integration of D1 protein
into PSII (Aro et al. 1993). In B. natans, the recovery from these short-term light stresses
was slow, and only partial recovery occurred after an 8 min- dark recovery following a 10
min HL stress. When | subjected cells to a four-hour light stress, similar to the conditions
used for the RNA-seq project, recovery took about 8 hours after placing the HL-treated
cells back to LL. This slow time frame indicates the cells were photoinhibited. It is possible
that VL- and LL- cells underwent photoinhibition (ql) as a photoprotective mechanism to
control electron transfer to PSI (Tikkanen et al. 2014) because they lack a clear indication
of pH-dependent gE. A slow recovery was also found in the A. thaliana npg4 mutant lacked

s PsbS and had reduced gE, which had a slow recovery in the dark compared to the wild-
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type (Dall'Osto et al. 2014). The cells could undergo photoinhibition (gl) as a secondary
NPQ process as previously observed in spinach (van Wijk and van Hasselt 1993). To
clarify the mechanism for photoinhbition, 1 would have to use lincomycin, a chloroplast
protein synthesis inhibitor, to examine D1 turnover.

With the use of FRR, the dynamic changes of connectivity and absorption cross
section during illumination was estimated, which refers to an organization of PSII antenna
in B. natans. HL-acclimated cells displayed a lower initial connectivity (p) in the dark-
adapted state, suggesting fewer functional PSlIs that can accept energy transfer. When the
actinic light turned on, o psii’ decreased. This response could be due to the induction of
NPQ as the lower-light acclimated cells showed the reverse (Fig. 3.4D). The lower o psii
and ppsi are accompanied by NPQ induction in a variety of marine phytoplankton (Suggett
et al. 2004, Xu et al. 2017). Overall, this inverse relationship between decreasing Fv'/Fm’
and increasing o psi” during light treatment in B. natans has been demonstrated in O. tauri,
O. lucimarinus (Six et al. 2009), Emiliania huxleyi (Ragni et al. 2008), and the diatom,
Chaetoceros muelleri (Suggett et al. 2009), indicating that the PSII antenna size is
increased during the photoinhibited state so the cells are able to transfer excess energy
among antenna within PSII. This suggests excitation between PSlls is akin to the lake
model, which represents the arrangement of reaction centres in a single matrix, allowing
the energy to be transferred between them (Bernhardt and Trissl 1999). An alternative
model for energy transfer is the puddle model, which posits each unit of PSII is sequestered,
preventing the transfer of excitation energy (Joliot et al. 1973, reviewed in Mirkovic et al.

2016).
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The increase of actinic light decreased the connectivity (p’), indicating fewer
opened PSllIs and a larger distance between remaining opened PSlIs. Interestingly, there
was an unusual increase of p’ under the highest actinic light intensity (771 umol quanta
m~2 s7!) with high variability in HL-acclimated cells. Xu et al. (2017) also found the re-
increase of p’ under super-saturating actinic light in Prochlorococcus, Synecococcus, and
Ostreococcus, but not in Thalassiosira, which was presumably a result of the small variable
fluorescence in the remaining opened PSlIs under the excess light stress. Under that excess
light, however, the actual p psii” should be minimal to prevent over-excited o psii’ that can
harm the cells (Vass 2011, Xu et al. 2017). In addition, when the actinic light was on,
FV'/Fm’ decreased suggesting the smaller functional PSII numbers in relation to the
damaged PSII, correlating to the increase of o psi’” in the remaining open PSII that the
excitons can be transferred to (Suggett et al. 2009).

VL- and LL- acclimated cells likely employ state transition to dissipate excess
energy. The increase of o psi” as the neighboring PSlIs become closed by increasing actinic
light beyond their growth light in B. natans grown at VL, LL, and HL has been observed
by Joliot et al. (1973). This is a not only a good indication of the antenna connectivity, but
could also reflect a state 2 to state 1 transition like in Synecococcus (Mullineaux 1992,
Campbell et al. 1998, Xu et al. 2017). Unlike HL-acclimated cultures, cells grown under
VL and LL displayed a larger increase in Fo’ and Fm’ (supplementary data, Fig. A3.1) upon
an exposure to higher actinic light intensities. This corresponds to a larger antenna size

(higher o psir’) relative to HL-grown cells (Kolber et al. 1998). It also depicted a transition
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from low fluorescence yield (state 2) under the dark-adapted state to high fluorescence
yield (state 1) under the actinic light exposure. Moreover, the smaller contribution of pH-
dependent gE to NPQ induction in VL-/LL- acclimated cells suggests another component
to induce NPQ. Together, state transition is likely an alternative/dominant strategy for non-
photochemical quenching (NPQ) in B. natans grown under VL/LL, resembling the state
transition observed in Chlamydomonas acclimated to LL and CL (control light) (Bonente
etal. 2012) and Cyanobacteria acclimating to low-light stress (Mullineaux 1992, Campbell
et al. 1998, Mullineaux and Emlyn-Jones 2004, Xu et al. 2017).

The acclimation mechanism in B. natans is varied by its acclimation state and has
the capacity to acclimate to different light intensities. B. natans is able to adjust its
chlorophyll content and antenna size and is able to transfer the excitation energy among
units within PSII during the excess light. This represents a lake model, where the response
differs in the cultures grown at high irradiance compared to those grown at lower
irradiances. My data suggest that cells grown under VL and LL experience higher degrees
of photoinhibition than HL-grown cells, reducing light absorption capacity of PSII. This is
one strategy that could help dissipate excess energy to prevent further damage (Tikkanen
et al. 2014), though further investigation is required. The antenna components displayed
clear alterations regulated by their nuclear gene expression, especially in response to HL,
as part of the long-term acclimative responses. The clear up-regulation of genes encoding
LHCX/LHCZ proteins under HL stress is consistent with the pH-dependent NPQ induction
in HL-acclimated cells. The expression of LHCXs/LHCZs favors the E component as was

previously observed in the reduction of gE capacity in npg4 mutant lacking two LHCSRs
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of C. reinhardtii (Peers et al. 2009). Since LHCX and LHCZ represent a mosaicism of the
antenna system, it is possible that the loss of the green algal orthologs was driven by the
structural changes in PSI. It ultimately leads to the selection for a replacement, perhaps to
increase the absorption and regulatory properties of the antenna. Acquisition of the
LHCX/Z proteins may have made the requirement for the orthologs of the green algal
LHCSR, and perhaps even homologs of the early light-inducible proteins (ELIPs) (which

are also absent from the B. natans genome), obsolete.
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Table 3.1: Chlorophyll fluorescence parameters along with their equations

Parameters Definitions Equations References
F, Minimal fluorescence yield (dark-adapted state) Ez:;;;ooten etal
. . Van Kooten and
Fo Maximal fluorescence vield (dark-adapted state) Snel (1990)
. . Van Kooten and
. Vi
F. ariable fluorescence yield Snel (1990)
Maximal photochemical efficiency (quantum Van Kooten and
Fo/Fn yield) EoFu)/Fn Snel (1990)
F Steady-state fluorescence yield in actinic light Van Kooten and
s 4 b Snel (1990)
B Minimum fluorescence yield (light-adapted Van Kooten and
° state) Snel (1990)
Fo'ye Minimal fluorescence yield after 2s dark period Ni et al. (2017)
B Maximum fluorescence yield (light-adapted Van Kooten and
" state) Snel (1990)
Fy e Ma?umum fluorescence yield after 2s dark Niet al. (2017)
- period
- - - v
F/F,’ Maxnnal photoc.:h.em.lcal efficiency (quantum (F,'F,")/F,’ an Kooten and
yield) in the actinic light Snel (1990)
. . ) , Serodio et al.
Fo'm The maximum value of F, 2005)
. . , , Van Kooten and
Dpep Quantum yield of PSII photochemistry (Fo'-F)/Fp Snel (1990)
Photochemical quenching or opened fraction of R Van Kooten and
1 A LI -
de PSII EnFIEFD  Isnel (1900)
NPQ Non-photochemical quenching (FuFo VF mﬂr etal
DNPQ Quantum yield of non-photochemical quenching | (F./F,, " )/(F./F,) 200 4;,r etal
Energy-dependent non-photochemical Kramer et al.
& quenching (2004)
State-transition related non-photochemical Kramer et al.
ar quenching (2004)
q Photoinhibitory non-photochemical quenching m;r etal.
Quantum yield of other non-regulated non- Klughammer et
PNO photochemical quenching process Fs/Fm al. (2008)
o Functional absorbance cross section of PSII Kolber et al.
Pslt (dark-adapted state) (1998)
Gour? Functional absorbance cross section of PSII Kolber et al.
PSI (light-adapted state) (1998)
X Functional absorption cross section of PSII after .
Opsins 2s dark period Ni et al. (201?)
Excitation connectivity among PSII reaction Kolber et al.
P centers (1998)
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Figure 3.1: Expression level of the B. natans LHC family under three different light
intensities. The plot shows Illumina read count frequency normalized by sequencing depth
and transcript size, or FPKM (Fragments per kilobase of transcript per million mapped).
Conditions are very low light (VL), low light (LL), and high light (HL). Inset shows the
expression of the LHCXs and LHCZs. Error bars show lower and upper bounds of 95%

confidence intervals of means (n=3).

131



e

124
11 LL to HL
101 .
9 shift
8,
[1}]
2 7
@ 61
S 51
T 4
[«
w2 * X *
21 %
A ]
i ] Hm
-175 !
2
K FY¥R2 T 2@ e 2 3 = YL Y¥eTTLern N
o 0o 0o o O O O O O O O
8888888885 555555 5 5 55
e S e L e e . |
Lhc genes
B
% %
0_
2 -1
8 * %
G *
T 21
(o]
[N
-3
LL to VL
-4 A
shift
FY 2T 225 2 3% 292 X9 923% 22y 9
5 5 5 58 5 585 5888882222282 °3:2
_C_C_C_C_C_C_C_C_J_I_I_I_I_I_I_I_I_I_I
- J a9 g a9 O J 4

Lhc genes
Figure 3.2: Differential expression of B. natans LHC family in response to a change in
light intensity in relative to low-light (LL) condition. A) Differential expression of B.
natans LHC family in response to 4 hours of high-light (HL) stress. B) Differential
expression of B. natans LHC family in response to 4 hours of very-low light (VL).

Asterisks indicate a significant corrected p-value (FDR) of 0.01.
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Figure 3.3: Chlorophyll content under different light intensities. Chlorophyll a and b
content per cell following steady-state growth under the different light intensities (error
bars + 2XSE, n = 3). Conditions labelled with different letters are significantly different (p

< 0.05, One way ANOVA, Tukey test).
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Figure 3.4: Changes of PSII functions of cultures acclimated to different growth light
intensities (A) Photochemical efficiency (Fv/Fm), (B) Effective absorption cross section,
(C) The connectivity of excitation energy transfer among units in the PSII, and (D) F NPQ
under dark incubation prior to ten steps of actinic light treatment, including dark recovery

as shown in the bar below each graph. Error bars £ 2SE, n = 4.
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Figure 3.5: Nonphotochemical (NPQ) quenching capacity of B. natans cultures grown
under different light intensities. NPQ in cultures grown under different light intensities
(20400 pmol quanta m—2 s—1) was measured using an actinic light that was 7 times higher
than the growth light. Error bars £ 2XSE, n = 3 (p < 0.0004, One-way ANOVA, Tukey

test).
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Figure 3.6: Effect of nigericin concentrations on ®NPQ (A), ®PSII (B), and ®NO (C)

under VL- acclimated cells. Nigericin effect on ®NPQ (D), ®PSII (E), and ®NO (F) under

LL- acclimated cells. Nigericin effect on ®NPQ (G), ®PSII (H), and ®NO (1) under HL-

acclimated cultures. Each sample was measured under the dark prior to actinic light of 600

umol quanta m 2 s~! for 12 minutes, followed by dark incubation for 8 minutes. Error bars

represented by mean + 2SE, n =3.
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Figure 3.7: Whole-cell absorption spectra of B. natans cells acclimated to different light
intensities. (A) The average of the spectra from 3 replicates of each condition that were
normalized to the red chlorophyll peak. (B) The second-derivative spectra calculated to
show inflection points of the spectra. (C) The second-derivative spectra between the 470

and 500 nm representing carotenoid absorbance region.
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Figure 3.8: Changes of PSII function in the 24-hour recovery in low light (A) maximal
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Error bars represented mean + 2SE, n =3.
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4. General conclusion

Chlorarachniophytes are mainly distributed in the coastal marine environments, but
also in tide pools, on seaweeds, and rocky shores (Ishida et al. 2007). These can be
challenging environments for inhabitants as there is a fluctuation of temperature, nutrient
availability, and light intensity. Organisms living in these types of environments must have
efficient adaptation mechanisms to tolerate extreme change, including light stress. The
organisms have developed a nested series of photoacclimation to deal with light stress
(Johnson et al. 1974, Davison and Pearson 1996, Payri et al. 2001, Zuccarello et al. 2001),
which seem to be varied among species.

Secondary endosymbiosis led to plastid evolution from a green alga that caused the
transfer of photosynthetic machinery into the non-photosynthetic Rhizarian host, giving
rise to the chlorarachniophytes. As genes were transferred from the green algal symbiont
to the host, acclimatory mechanisms had to be integrated into the host as well. However,
that caused modification in their genome as shown by the diverse origin of genes,
particularly within their light-harvesting (LHC) antenna system (Koziol et al. 2007, Curtis
et al. 2012, Neilson et al. 2017). How these modifications influence chlorarachniophytes,
especially in the light response capability in harsh environments is unknown and was the
subject of this investigation.

Our transcriptomic study is the first study examining global gene expression in
response to light stress in the chlorarachniophyte, B. natans, (Chapter 2), and showing

adaptive regulatory networks that were integrated from endosymbiont to the host cell to
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respond to VL and HL stresses. The expression of nucleomorph genes was altered very
little with light stress, suggesting that all important light stress regulated-genes and genetic
elements for their response have been transferred from the endosymbiont to the host
nucleus. As expected, the B. natans transcriptome showed classic light responses similar
to those in other green algae, from which its plastid was derived. However, the cultures
were challenged by light stress for a single timepoint at 4 hours in this study. Multiple
timepoints would be helpful to see the full dynamic change of genes over the full
acclimation period.

Interestingly, a significant number of genes from non-photosynthetic lineages were
also regulated by light stress. Although our method for identifying gene origins is based on
top - BLAST hits, clearly not an optimal approach, it still infers that the photosynthetic
stress response has integrated into the host metabolism to assist in light-responsive gene
expression. The expression of genes in response to light stress may be regulated by a signal
that both photosynthetic and non-photosynthetic organisms can respond to, potentially a
signal like ROS. Whether ROS is the signal that regulate the nuclear expression is unclear,
and further study to identify which signal is used to communicate between the chloroplast
and the nucleus would provide a better view of their signaling pathway.

With the diverse origins of genes in B. natans nuclear genome, antenna regulation
was dissected and results suggested a photoacclimation strategy resembling those in other
green algae (Chapter 3). Transcriptional behaviour of the stramenopile-like LHCX and
LHCZ genes, in particular, were consistent with them having a photoprotective role, and

with the increased expression of stress-related LHC (LHCSRS) in green algae (Peers et al.
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2009) and LHCX in diatoms (Bailleul et al. 2010) during HL exposure. Although LHCX
and LHCZ are transcriptionally regulated by HL, their protein expression and accumulation
in the thylakoid membrane remains unknown. As such, the role of these proteins in
photoprotection and the mechanism used to dissipate light requires further research.

The accumulation of LHCX/LHCZ gene transcripts under HL may be essential for
the acclimation via non-photochemical quenching (NPQ) to dissipate excess light as heat,
as shown in the HL-acclimated cultures. Though the nature of the NPQ mechanism still
requires more refinement, HL-acclimated cells showed partial energy-dependent
quenching (qE) while photoinhibition (gl) was more pronounced in VL/LL- acclimated
cells. This is quite different from what we have known in green algae, which show a strong
pH-dependent quenching. In green algae, gE is enhanced by the accumulation of LHCSR
in HL stress and is also associated with the accumulation of zeaxanthin pigment (Niyogi et
al. 1997). The NPQ in B. natans, interestingly, was not inhibited upon inhibition of
zeaxanthin synthesis using DTT (Chapter 3), suggesting that xanthophyll de-epoxidation
has been constitutively activated to support NPQ induction. This constitutive induction of
xanthophyll de-epoxidation has also been observed in some marine green algae (Ni et al.
2017). However, | currently do not have a direct evidence that violaxanthin is converted
into zeaxanthin during HL stress, thus xanthophyll pigment quantification should be
conducted to confirm the role of xanthophyll cycle for NPQ.

As photosynthesis was introduced to different eukaryotic kingdoms via
endosymbiosis, the non-photosynthetic host was forced to overcome the challenge of light

stress. B. natans possesses a green plastid from its green algal endosymbiont, but contains
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genes of diverse origins in the genome. It is possible that it acquired foreign genes through
a horizontal gene transfer from phagocytosis or from a cryptic red algal endosymbiosis in
the Rhizarian host prior to the green alga acquisition (Archibald et al. 2003, Yang et al.
2011). With that, B. natans has developed a distinct light response strategy by integrating
metabolic and transcriptional regulation of the symbiont to the host. Both host and
symbiont likely shared a response to a common signal to facilitate the regulatory

framework integration for adaptive response in their extreme environment.
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Appendix A

Table A 2.1 Information of nine mMRNA libraries and number of RNA-seq reads before

and after trimming.
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F0l

MPS12302084-

A2

MPS12302084-

D01

MPS12302084-

GOl

MPS12302084-

B02

MPS12302084-

B0l

MPS12302084-

E01

MPS12302084-

HO1

Run Type

PAIRED END
PAIRED END
PARRED END
PAIRED END
PAIRED END
PAIRED END
PAIRED END
PAIRED END

PAIRED END

Library
Type

mRNASeq
stranded
mRNASeq
stranded
mRNASeq
stranded
mRNASeq
stranded
mRNASeq
stranded
mRNASeq
stranded
mRNASeq
stranded
mRNASeq
stranded
mRNASeq
stranded

Type of
Sequencing

[llumina HiSeq
4000 PE100
[lumina HiSeq
4000 PE100
[llumina HiSeq
4000 PE100
[llumina HiSeq
4000 PE100
[llumina HiSeq
4000 PE100
[lumina HiSeq
4000 PE100
[llumina HiSeq
4000 PE100
[lumina HiSeq
4000 PE100
[llumina HiSeq
4000 PE100
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Multiplex
Key(s)

Index 6
Index 18
Index 4
Index 15
Index 14
Index 3
Index 13
Index 7

Index 16

Adaptor

lllumina
TruSeq RNA
lllumina
TruSeq RNA
[ltumina
TruSeq RNA
[ltumina
TruSeq RNA
[llumina
TruSeq RNA
lllumina
TruSeq RNA
lllumina
TruSeq RNA
lllumina
TruSeq RNA
[ltumina
TruSeq RNA

Number
of Reads

45012313

50783020

49090964

41435050

46639386

41452235

49188461

38633575

43009589

Number of
Reads (after
{rimming)

45001016
50771130
49079147
41426185
46628362
41447788
49175768
38643951

43000637

%
trimmed
reads

0.025098

0.023413

0.024072

0.021395

0.023637

0.02279

0.025805

0.030071

0.020814



Table A 2.2 List of organism codes used as a reference data set for KEGG annotation by
KASS.

Organism codes Species
hsa Homo sapiens
mmu Mus musculus
dre Danio rerio (zebrafish)
dme Drosophila melanogaster (fruit fly)
cel caenorhabditis elegans (nematode)
ath Arabidopsis thaliana (thale cress)
sce Saccharomyces cerevisiae (budding yeast)
eal Escherichia albertii
spo Schizosaccharomyces pombe (fission
yeast)
ecu Encephalitozoon cuniculi
pfa Plasmodium falciparum 3D7
ehi Entamoeba histolytica
eco Escherichia coli K-12 MG1655
bsu Bacillus subtilis subsp. subtilis 168
lla Lactococcus lactis subsp. lactis 111403
mge Mycoplasma genitalium G37
mtu Mycobacterium tuberculosis H37Rv
syn Synechocystis sp. PCC6803
aae Aquifex aeolicus
mja Methanocaldococcus jannaschii
gla Giardia lamblia
tbr Trypanosoma brucei
gtt Guillardia theta
ehx Emilliania huxleyi
tps Thalassiosira pseudonana
pti Phaeodactylum tricornutum
tet Tetrahymena thermophilia
ddi Dictyostelium discoideum (cellular slime
mold)
mbr Monosiga brevicollis
uma Ustilago maydis
cre Chlamydomonas reinhardtii
ota Ostreococcus tauri
mis Micromonas commoda
cme Cyanidioschyzon merolae
gsl Galdieria sulphuraria
nve Nematostella vectensis (sea anemone)
ker Candidatus Korarchaeum cryptofilum
ape Aeropyrum pernix
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Table A 2.3: Alignment statistics from TopHat v2.0 for nine mMRNA libraries. Concordant

pair alignment rate = both reads (paired) are mapped

by Toput iy T aﬁgff(%r.:ﬂm Mallple ligaments Concordant paie
;
V1 90,002,032 82,462,420 91.6 28.1 88.2
V2 101,542,260 03,962,225 925 28.7 89.7
V3 98,158,294 90,390,870 92.1 29.0 89.0
L1 82,852,370 76,743,352 92.6 24.1 894
L2 93,256,724 86,058,906 923 27.0 89.1
L3 82,883,576 76,353,483 92.1 264 89.0
H1 98,351,536 90,978,096 92.5 10.9 89.3
H2 77,287,902 70,611,103 91.4 17.1 88.1
H3 86,001,274 78,874,045 91.7 18.5 88.6
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Table A 2.4: List of DEGs in response to HL stress, involving in amino acid metabolism.

ProteinlD
56454
48350

52846
92238
88077
56342
92333
85846

47204
92630
46924

47820
89321
52653
90976

90852
47207
49215

53917

45922

90102
87558

Descriptions
ribosomal L12 (chloroplast)

ribosomal L6
(mitochondrion)

Polyubiquitin
Polyubiquitin

plastid ribosomal S20
plastid ribosomal S6
50S ribosomal L1

plastid chloroplast
ribosomal S21

50S ribosomal L4
50S ribosomal L24

plastid chloroplast
ribosomal L10

50S ribosomal L9
ribosomal S9 (chloroplast)
30S ribosomal S17

ribosomal S13
(mitochondrion)

ribosomal L21 (chloroplast)
ribosomal L13

50S ribosomal L3-
chloroplastic

ribosomal S10
(mitochondrion)

plastid ribosomal S5A
small ribosomal subunit

50S ribosomal L28
30S ribosomal S15

Origins
Pedinophyceae

Bacteria

Rhizaria (Sarcomonadea)
Alveolata

Plant (sunflower)
Chlorophyceae (Green)
Bacteria

Trebouxiophyceae (Green)

Trebouxiophyceae (Green)
Prasinophytes (Green)

Trebouxiophyceae (Green)

Bacteria
Trebouxiophyceae (Green)
Bacteria

Chlorophyceae (Green)

Chlorophyceae (Green)
Trebouxiophyceae (Green)

Trebouxiophyceae (Green)

Trebouxiophyceae (Green)

Plant (Merchantiophyta)

Trebouxiophyceae (Green)

Stramenopiles
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E-value
3.2E-44
0

4.2E-100
0
4AE-66
2.6E-81
5.9E-42

0
0
2.5E-21

1.7E-144
5.4E-20

4.1E-153
4.1E-69

2.6E-96
5.2E-56
0

2.5E-41

7.5E-54
1.1E-30

LFC
3.77
3.54

3.53
3.48
3.45
3.43
3.43
3.41

3.40
3.39
3.35

3.34
3.33
3.33
3.28

3.28
3.28
3.27

3.26

3.23

3.22
3.20



88972
53355
54535
47811
47173
92176
46581

86850
90645

32633
90563
57435
46610
51225
58207

92966

46970

36494
90552

92544
53427

54300
84897

30S ribosomal S16

50S ribosomal L11
ribosomal L22 (chloroplast)
30S ribosomal S1

50S ribosomal L33

50S ribosomal L18

50S ribosomal L15

ribosomal L17

Eukaryotic translation
initiation factor 2 subunit 3

50S ribosomal L27
ribosomal L35
leucyl-tRNA synthetase
ubiquitin C

50S ribosomal L31

phenylalanyl-tRNA
synthetase

seryl-trna synthetase

Methionyl-tRNA
formyltransferase

arginyl-tRNA synthetase

Thc2 translation
chloroplastic

threonyl-tRNA synthetase

Translation initiation factor
IF-3

leucyl-tRNA synthetase

Thc2 translation
chloroplastic

Bacteria

Bacteria
Cyanophyceae
Plant (Charophytes)
Bacteria

Bacteria

Archaeplastida
(Rhodophyta) (Red)

Trebouxiophyceae (Green)

Archea

Bacteria

Plant
Stramenopiles
Alveolata
Plant

Oomycota
Heterokonta
(Stramenopiles)

Bacteria

Trebouxiophyceae (Green)

Bacteria

Animal

Prasinophytes (Green)

Phytomycea

Bacteria
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0
2.6E-46
5.4E-76

7.4E-123
3.4E-125
1.6E-44

0

7.1E-12
4E-60

9.9E-43
1E-27
2.8E-54
2.1E-36
4.4E-20

8.8E-80

4.8E-21
4.1E-24

0
1.3E-125

2.9E-143
2E-23

3.20
3.19
3.18
3.16
3.14
3.14
3.13

3.10
3.04

3.01
2.98
2.86
2.83
2.76
2.73

2.65

2.64

2.50
2.47

2.35
2.34

2.33
2.33



45073

85762
42563
50830

42651
55557
33777
87924

83354

67260

52404

58521
84554
84110

43321

89322
138875
43553
42788
50244
50860
80203

valyl-tRNA synthetase

aspartyl-tRNA synthetase
aspartyl-tRNA synthetase

phenylalanyl-tRNA
synthetase alphachain

polyubiquitin
polyubiquitin
cysteinyl-tRNA synthetase
glycyl-tRNA synthetase

Thc2 translation
chloroplastic

Aminoacyl-tRNA class 1a,
anticodon-binding

translational initiation
factor 1 (chloroplast)

tRNA synthetase
seryl-tRNA synthetase

Ribosomal RNA large
subunit methyltransferase E

isoleucyl-tRNA synthetase

threonyl-tRNA synthetase
threonyl-tRNA synthetase
valyl-tRNA synthetase
tRNA modification GTPase
arginyl-tRNA synthetase
polyubiquitin

Thc2 translation
chloroplastic

Heterokonta
(Stramenopiles)

Bacteria
Rhodophyte (Red)
Plant

Phytomycea
Phytomycea
Stramenopiles

Eustigmatophyceae
(Stramenopiles)

Bacteria

Bacteria

Bacteria

Phytomycea
Stramenopiles

Bacteria

Heterokonta
(Stramenopiles)

Cyanobactericeae
Cyanobactericeae
Dictyostelia

Plant

Heterobozea (amoeba)

Amoebozoa

Bacteria
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5.3E-97

1.8E-96
6.4E-22

2E-118

1.4E-23

4.2E-60
1E-08

5.4E-26

1E-41

9.8E-24
1.2E-31
4.1E-22

4.3E-23

2.1E-134
0
2E-90
4.4E-20
2.8E-40
2.5E-117
1.4E-21

2.23

2.22
2.19
2.18

2.17
2.16
2.12
2.09

2.09

2.05

2.03

1.98
1.93
1.92

1.92

1.92
1.87
1.87
1.81
1.78
1.77
1.72



78210

40797

53113
127764

53322
38920

55753

66778
92437
49414
85509
36552

89627
38576
57451
57815

85066

37333
80402

85407
49877

91524

Tbc?2 translation
chloroplastic

histidyl-tRNA synthetase

alanyl-tRNA synthetase

ribosomal L11
methyltransferase

glycyl-tRNA synthetase

translation elongation
factor G

prolyl-tRNA synthetase

alanyl-tRNA synthetase
methionyl-tRNA synthetase
tyrosyl-tRNA synthetase
30S ribosomal S15

glutaminyl-tRNA
synthetase

cysteinyl-tRNA synthetase
ribosomal L20 (chloroplast)
lysyl-tRNA synthetase

ribosomal RNA large
subunit methyltransferase
N

eukaryotic translation
initiation factor 5

tyrosyl-tRNA synthetase

tRNA
dimethylallyltransferase

methionyl-tRNA synthetase

glutaminyl-tRNA
synthetase

prolyl-tRNA synthetase

Bacteria

Eustigmatophyceae
(Stramenopiles)

Plant

Bacteria

Amoebozoa

Trebouxiophyceae (Green)

Archaeplastida
(Rhodophyta) (Red)

Stramenopiles
Phytomycea
Trebouxiophyceae (Green)
Bacteria

Bacteria

Phytomycea
Prasinophytes (Green)
Stramenopiles

Heterokonta
(Stramenopiles)

Plant (Bryopsida)

Bacteria

Fungi

Stramenopiles

Plant (Brassicaceae)

Plant

159

1.7E-10

8.5E-51

7.2E-86
3.9E-20

1.5E-141
1E-56

1E-54

0
9.9E-122
8.7E-29
0
1.9E-41

0
2.7E-117
4.4E-105
6.5E-117

1.1E-14

1.1E-130
0

9.1E-72
1.1E-93

1.6E-26

1.70

1.69

1.68
1.59

1.55
1.44

1.42

1.42
1.42
1.41
1.40
1.33

1.33
1.32
131
1.24

121

1.19
1.15

1.14
1.13

1.06



82706

56707

47469
87725
53920
55328
46479
85569
48383
51802
55870
52972
76037
82873

39801
75499

69772
82796

70062

73987

67388
69664

tRNA pseudouridine
synthase A

eukaryotic translation
initiation factor 6

60S ribosomal L15
60S ribosomal L11
60S ribosomal

60S ribosomal L7a
60S ribosomal L9
60S ribosomal L18a-2
40S ribosomal
ribosomal S3Ae

40S ribosomal S24-1
40S ribosomal S2-4
ubiquitin carboxyl-terminal

E3 ubiquitin- ligase ARI7

ubiquitin- ligase (Tom1)

E3 ubiquitin- ligase
makorin

E3 ubiquitin- ligase ARI7
E3 ubiquitin- ligase ARI7

E3 ubiquitin- ligase
MYCBP2

initiator tRNA
phosphoribosyl

Ribosomal L27

E3 ubiquitin- ligase
HERC1

Bacteria

Stramenopiles

Fungi
Oomycetes
Animal

Fungi
Obazoa
Fungi
Apicomplexa
Plant

Plant

Animal (Placozoa)

Animal (Chordata)

Heterokonta
(Stramenopiles)

Phytomycea

Heterokonta
(Stramenopiles)

Fungi (Yeast)
Heterokonta
(Stramenopiles)
Rhizaria

Fungi

Dinophycaea

Obazoa

160

6.4E-33

8E-41

0
2.8E-122
5.8E-144
2.8E-157
3.6E-119

6.7E-39
6.9E-63
1.1E-146
8.9E-51
1.1E-94

0

6E-22

1.3E-63
1.4E-45

6E-77
3.5E-07

2.8E-10

1E-24

0
2.6E-152

1.03

1.00

-1.01
-1.01
-1.01
-1.01
-1.03
-1.03
-1.05
-1.05
-1.10
-1.12
-1.27
-1.30

-1.51
-1.59

-1.63
-1.64

-1.73

-1.88

-2.25
-2.48



Table A 2.5: Nucleomorph-encoding genes that are significantly expressed under VL and

HL (p < 0.01)
Chromosome Gene Conditions LFC Corr p-value Regulation

Chrl Hypothetical HL -0.58 0.002458 DOWN
protein
Hypothetical HL -1.10 0.002458 DOWN
protein
cpn60 VL 0.74 0.00455 UP

Chr2 Hypothetical VL 0.74 0.00455 UP
protein

Chr3 Hypothetical HL -0.49 0.001742 DOWN
protein
ps8 HL 0.41 0.005552 UP
small subunit HL -0.90 0.0088 DOWN
ribosomal
RNA
clpP- VL 0.46 0.008753 UP
5,snRNPG
Hypothetical VL 0.55 0.007991 UP
protein
Hypothetical VL 0.67 0.001935 UP
protein
rps26 VL 0.49 0.001742 UP
eef2 VL -0.60 0.000615 DOWN
tfIld VL -0.30 0.006967 DOWN
hsp70 VL -0.70 0.005394 DOWN
ub2 VL -0.43 0.000615 DOWN
rps2 VL -0.66 0.000615 DOWN
ps1o VL 0.65 0.000615 UP
rpal VL -0.34 0.003243 DOWN
psé VL -0.32 0.000615 DOWN
tic20 VL -0.26 0.009928 DOWN
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Figure A 2.1: Differentially expressed genes (DEGs) mapped onto the KEGG Global
metabolic pathway (map01100). Nodes represent chemical compounds, while edges (lines)
show a set of reactions linked to a set of KEGG Orthology (KO) identifiers for enzyme
genes. Black highlighted edges display the pathways regulated by high light (top) and very

low light (bottom) treatments.
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Figure A 2.2: Three carbon metabolism pathways (glycolysis, TCA cycle, and pentose-

phosphate pathway) based on KEGG

commission number (EC number) and the color represents up- (red) or down- (green)

regulations in response to 4 hours of HL (colored boxes) and VL (colored dots).

annotation. The number in the boxes are enzyme

163




Cabon foationin =~ [ oo
photosynthetic organisms

PHOTOSYNTHESIS Ir‘ 7
|
|

h"\ (( Anthenna Proteins )
1

Pk I
mosynechococcus
slongatus)

Chloroplast
. T P B BTN B P B B

strome & 2092900 0E AR 2282525260
7 EARIAIRRT oot
ST sy e ereren  Cytts

Thylakoid 4
A 9/ ATP synthase
Photosystem I fEochichicob)
hococcus

gtk elongatus)

Photosyster I

D1 D2 ¢ cyt bS50 Cytochrore b6/f complex
[ Psba | Psbﬁﬁfﬂ'ﬁfal PsbE | PsbF | [ PetB | PetD | Pets | PetC | PetL [ PetM | PetN | PetG |
PsbL | PsbJ | PsbK [ PsbM] PsbH | Psbl IP% P} h ";:ccmn X
e AL EE I e g WY
Photosystera [ F-type ATPase

Psah | PsaB | PsaC | PsaDl PsaE l PseF | PsaG Psa}il [beta [ alpha | [epsilon] ¢ [ & |

Psal [ Psal ] PnK] Psal | PsaM| PsaN | PsaO | PsaX

Data on KEGG graph
Rendered by Pathview

Figure A 2.3: Photosynthesis pathway based on KEGG annotation. The number in the
boxes are enzyme commission number (EC number) and the color represents up- (red) or

down- (green) regulations in response to 4 hours of HL (colored boxes) and VL (colored

dots).
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Appendix B

Table A 3.1: Average raw-read counts and their normalized values (FPKM) of three light

conditions (LL, VL, and HL).

Name LL counts LL FPKM VL counts VL FPKM HL counts HL FPKM

Lhcbm1 227096.7 64516.2 288618.3 68025.14 99562.67 54814.78
Lhcbm2 285825 76663.98 379120 8472427 61714 32129.27
Lhcbm3 176203.3 49095.63 217567.7 49901.21 105083 56541.54
Lhcbm4 97867 33957.86 118439.7 33965.71 68978.67 45981.28
LhcbmS 396101 113008.2 322087.3 75075.33 330628 180938
Lhcbmé 1034716 320476.3 1363852 3493433 362647.3 2174394
Lhcbm?7 68115.33 21128.14 84452.33 21738.46 51115.33 30572.21
Lhcbm38 111926.7 31838.86 138050 32512.49 60798 32997.6
Lhcb4 168905.3 53286.66 199486 52021.08 99509.33 60626.8
Lhcyl 79988 28894.47 104710 31372.76 50680 35363.63
Lhcy2 44186 16324.46 50402.67 15382.11 32522.67 22967.93
Lhcy3 143873 57712.72 174763.7 58145.32 71890.33 54853.67
Lhcex1 4334.67 1656.49 4405 1394.45 14084.33 10610.52
Lhex2 8398.67 3383.53 3845 1258.62 32713.33 2548529
Lhcex3 296.67 144.56 214.67 86.01 1488.33 1451.8
Lhcex4 1061.67 377.07 1303 379.71 2114.67 1441.73
LhcxS 3957.67 1439.63 1152 337.9 25860.33 18221.53
Lhezl 1024 329.61 736.33 191.04 3796 2427.26
Lhcz2 1750.33 467.73 2117 465.92 2673.33 1436.73
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Figure A 3.1: Minimal and maximal fluorescence yield of B.

to VL, LL, and HL of 4 replicates using FRR fluorometry.
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Figure A 3.2: Fluorescence traces from VL-, LL-, and HL- acclimation cells with and

without nigericin treatment
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Figure A 3.3: The up-regulation of transcripts encoding Xanthophyll cycle enzymes,
violaxanthin de-epoxidase (VDE), violaxanthin de-epoxidase-related (VDR1) and
zeaxanthin epoxidase (ZEP) in response to 4 hr of HL stress compared to LL. Asterisks

indicate statistical significance of corrected p-value < 0.01.
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