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Abstract

Pheophytin (Pheo) a is an indispensable molecule in photosystem (PS) II, and is a
product in the first step of Chlorophyll (Chl) degradation as well. So, it is seemingly
suggested that the STAY-GREEN (SGR) gene, which encodes an Mg-dechelatase that
catalyzes the conversion of Chl a to Pheo a, is involved in both the formation of PSII
and the degradation of Chl. In this study, a series of experiments were carried out to

investigate the physiological functions of Chlamydomonas SGR.

Two Chlamydomonas sgr null mutants were prepared by screening an insertion-
mutant library. The Fv/Fm ratios of wild type (WT), sgr mutants, and
complementations under several light conditions were observed. The lower Fv/Fm
ratios of sgr mutants suggested a lower PSII activity. High-performance liquid
chromatography (HPLC) analysis showed reduced Pheo a/Chl levels of sgr mutants,
implying a reduced PSII levels. The growth rates in the presence (TAP medium) and
absence (HSM medium) of a carbon source were examined. The sgr mutants
exhibited reduced photomixotrophical and photoautotrophic growth rate. Blue-native
polyacrylamide gel electrophoresis (BN-PAGE) and immunoblotting analysis showed
the PSII levels were reduced in sgr mutants, with PSI and LHCII levels unchanged.
The reduced PSII levels were verified by low-temperature fluorescence spectroscopy
of whole cells. These results indicate that Chlamydomonas SGR is involved in PSII

formation.

In Nitrogen (N) starvation under both photomixotrophic and photoautotrophic
conditions, Chl degradation proceeded in the sgr mutants as in WT. The qRT-PCR
results presented that the expression level of SGR kept unchanged during N

starvation. These results indicate that SGR is not required for Chl degradation.

Compare with Arabidopsis WT, sgr I 2 [ triple mutant, a mutant with the complete
absence of SGR activity, showed similar growth speed and Fv/Fm ratio at the
developmental stage. Immunoblotting analysis showed that the proteins in PSs and
LHCII of sgr triple mutants were normally synthesized at the developmental stage.

HPLC analysis showed similar pigments levels in Arabidopsis WT and sgr triple



mutant at the developmental stage. BN-PAGE results demonstrated PS SC of sgr
triple mutants were normally assembled at the developmental stage but less
disassembled at senescence stage. At senescence stage, sgr triple mutants showed stay
green phenotype and reduced Fv/Fm ratios. These results indicate Arabidopsis SGR
participates in Chl degradation but not in PSII formation.

According to the above results, Chlamydomonas SGR is involved in PSII formation

but not in Chl degradation.
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Abbreviations

BN-PAGE blue native polyacrylamide gel electrophoresis
Chl chlorophyll

Fv/Fm maximum quantum efficiency of PSII
HPLC high performance liquid chromatography
LHCII light-harvesting Chl a/b complex

LMM low molecular mass

OEC oxygen evolving complex

Pheo pheophytin

PS photosystem

qRT-PCR real-time polymerase chain reaction

RC reaction center

SDS-PAGE  sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SGR STAY-GREEN
TAIL thermal asymmetric interlaced

2D-PAGE two-dimensional gel electrophoresis



1. Introduction



1.1. Oxygenic Photosynthesis.

Oxygenic photosynthesis occurs in certain types of cyanobacteria, algae, and plants,
which can fix photochemistry energy and CO; into biological energy, accompanying
with water splitting to generate Oz (Cogdell et al., 2012). Oxygenic photosynthesis

encompasses two major stages

energy-transduction reactions (“light-dependent
reactions”) and carbon-fixation reactions (“light-independent reactions™) (Cowgill et

al., 2012).

In “light-dependent reactions”, light energy is captured by the light-harvesting
complex (LHC) and delivered to photosystem (PS) Il reaction center (RC) that
contains special chlorophyll (Chl) molecules named P680. P680 boosts an electron to
a high energy level. This electron is passed to an acceptor molecule and replaced with
an electron from water to release O.. (Hohmann-Marriott and Blankenship, 2011).
The released electron who come from water is transferred to a dimer of Chl a
molecule in PSI named P700. The electron in P700 is boosted to a high energy level
and transferred to an acceptor molecule. The net effect of the “light-dependent
reactions” is the production of adenosine triphosphate (ATP) and triphosphopyridine
nucleotide (NADPH) that can be used in the “light-independent reactions” (HUgler
and Sievert, 2011). “light-independent reactions” involves a series of reactions
including carbon fixation, reduction, and regeneration of the ribulose 1,5-
bisphosphate (RuBP). These reactions can be executed by four multiunit membrane-

protein complexes located in the chloroplast thylakoid membranes called PSs.

1.2. Photosystem.

PSs including PSI as a plantacyanin-ferredoxin oxidoreductase, PSII as a water-
plastoquinone oxidoreductase, cytochrome (Cyt) bssof as a plastoquinone-
plastoquinone oxidoreductase, and ATP synthase (ATPase) as a pmf-driven ATPase
(Rev et al., 2000; Nelson and Ben-Shem, 2004). Both PSs containing multiple
subunits, pigments, redox cofactors, associated with their antenna systems. Both PSs
are synthesized through the coordinate process of the nuclear and chloroplast genetic

systems (Nelson and Junge, 2015).


file:///C:/Program%20Files%20(x86)/Youdao/Dict/7.5.0.0/resultui/dict/
file:///C:/Program%20Files%20(x86)/Youdao/Dict/7.5.0.0/resultui/dict/
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1.2.1. PSIL

In algae and plants, PSII contains more than 20 subunits and approximately 80
cofactors, including a RC that is the site of the initial electron transfer reactions, an
Mn4O«Ca cluster that catalyzes water oxidation, a binding pocket for the reduction of
plastoquinone, and a peripheral antenna system that employs Chl and other pigment
molecules to absorb light. The proteins could be classified into four groups as follows:
PSII core proteins, low-molecular-mass (LMM 1.e., <10-kDa) proteins, extrinsic

oxygen-evolving complex (OEC) proteins, and LHCII proteins.

The highly conserved PSII RC core as the minimal set of subunits are present in the
heterodimer (or oligomer). The heterodimer of PSII RC core consists of about 35 Chls
and more than 20 intrinsic and extrinsic proteins (Umena et al., 2011). D1 (32-kDa,
chloroplast psbA gene product) and D2 (34-kDa, chloroplast pshD gene product)
(Shen, 2015) polypeptides compose the heterodimer protein complex as the key redox
components. D1 supply the binding site to P680 (PSII primary electron donor), Pheo
(the first electron carrier intermediate), Qg (a plastoquinone as the secondary electron
acceptor), tyrosine (Tyr) and manganese (Mn)-cluster (involved in removing electrons
from water). D2 supply the binding site to P680, Pheo, Qa (a bound plastoquinone as
the primary electron transfer) and Mn-cluster. All these redox components binding to

D1 and D2 to form the first electron transfer chain.

The Chls of PSII RC participates in energy transfer from the proximal
peripheral antennae complexes of CP43 (43-kDa, chloroplast psbC gene product) and
CP47 (47-kDa, chloroplast psbB gene product) (Casazza et al., 2010). The antenna
pigment-protein complex CP43-CP47 binds with RC and transfers excitation energy
from the peripheral antenna of PSII (LHCII) toward the photochemical RC.

The water oxidation center (OEC) is associated with the PSII RC core, which has a
Mn4CaOs inorganic cluster ligated by waters and amino-acid side chains. The OEC is
composed of three extrinsic polypeptides including OEEI to 3 (Mayfield et al., 1987;
Ohnishi and Takahashi, 2001; Alizadeh and Cohen, 2010). These three oxygen-
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evolving enhancer proteins have different functions.

There are more than ten small (<10-kDa) hydrophobic peptides containing
transmembrane helices, which are required for the assembly, stability or dimerization
of the PSII complex. Some of the small polypeptides, such as PsbW (6-kD, nuclear
gene psbW product) (Garcia-Cerdan et al., 2011) is involved in PSII dimerization.

LHCII is involved in light energy transfer (Mozzo et al., 2008), photoprotection
(Sunku et al., 2013), state transition between PSI and II (Minagawa, 2011), and grana
thylakoids stacking (Wan et al., 2014). LHCII apoproteins of green algae and green
plants which roughly corresponds to these proteins. They are classified mainly in two
groups. One group including three subclasses named Lhebl (24.7~24.9-kD, 5 nucleus
gene product), 2 (24.9-kD, 4 nucleus gene product) and 3 (24.3-kD, 1 nucleus gene
product). These three apoproteins constitute LHCII trimer. Another group includes a
small quantity of Lhcb4/CP29 (27.3~28.2-kD, 3 nucleus gene product), 5/ CP26
(26.1-kD, 1 nucleus gene product) and 6/CP24 (23.2-kD, 1 nucleus gene product).

LHCII is composited by about half of the Chl and one third of the protein of PS and
associates PSII core complexes to form a large PSII-LHCII super complex (SC) with
more than 1000-kDa molecular weight (Nelson and Junge, 2015).

1.2.2. PSI.

PSI complex consists of at around 19 protein subunits, approximately 100~200 Chl
molecules, two phylloquinone and 3~4 Fe4S4 clusters (Fromme et al., 2001; Barros
and Kiihlbrandt, 2009). PSI RC is highly conserved among cyanobacteria, green
algae, and green plants. In contrast, LHCI has lower conservation during evolution,
possibly because of the difference of the strategy of environment adaption for the

various light conditions (Pi et al., 2018).
PSI RC formed by PsaA-PsaB heterodimer as the heart that binds the vast major

cofactors are supposed to consist of light harvesting cofactors, electron transfer

cofactors, and terminal electron acceptors. Based on the different organism models,
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light harvesting cofactors contain around 80~100 Chls a and around 20~30 -
carotenes. Electron transfer cofactors known as Fx contain 6 Chl a and 2
phylloquinone and a FesS;4 cluster. Terminal electron acceptors are also known as Fe-S
clusters Fa and Fg (Wientjes and Croce, 2011; Nickelsen and Rengstl, 2013). PSIRC
accepts light-driven electrons from plastocyanin or cytochrome c¢6 on the lumenal side
of the membrane and transfers to ferredoxin or flavodoxin at the stromal side through
a chain of electron carriers, providing the reduction power for CO> fixing (Fromme et

al., 2001).

Except for PsaA (~60-kD) and PsaB (~60-kD), the other subunits are a small size
(4~18-kDa) with a different function: e.g. PsaC as ferredoxin docking at acceptor
side; PsaK and PsaG as LHCI antenna system stabilization (Nelson and Ben-Shem,

2005; Barros and Kiihlbrandt, 2009).

LHCI is known to be formed with four proteins called Lhcal-4 (20~24-kDa, 1
nuclear gene product each for Lhcal-Lhca4, and present in approximately equal

amounts) (Storf et al., 2005), which binds to one side of the core complex where PsaG

and PsaK locate (Jansson, 1994; Qin et al., 2015).

1.2.3. The Cyt bssof Complex.

The Cyt bssof complex is a central component of the photosynthetic electron transport
chain of cyanobacteria, green algae and high plants (Kuras and Wollman, 1994). Cyt
bsso including Cyt bsso o (9-kDa, chloroplast psbE gene product) and Cyt bsso B (4-
kDa, chloroplast pshbF gene product) (McNamara et al., 1997) function as haem

binding, electron transfer from PSII to PSI component.

1.2.4. The ATPase enzymes Complex.

The ATPase enzymes also known as the F-ATPase, have been remarkably conserved
in fungi, the chloroplast of green algae and land plants (Dekker and Boekema, 2005).
This is a complex nanomotor that synthesizes nearly 90% of the ATP made during

cellular respiration. F-ATPase consists of two coupled rotary motors: Fo-ATPase
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complex, a mediates proton tunnel; and Fi-ATPase complex, the catalytic complex

(Finazzi et al.; Leioatts and Grubmiiller, 2015; Murakami et al., 2018).

1.3. Assembly of PSII.

PSII assembly is a sequential and highly coordinated process, exhibits a similar
pathway found in cyanobacteria, green algae, and green plants. This suggests the core
components of PSII and the assembly process of PSII complexes are conserved
(Nixon et al., 2010; Nickelsen and Rengstl, 2013). PSII is assembled from smaller
PSII modules via a series of distinct intermediates consist of a large -binding subunit,
LMM membrane polypeptides, and associated pigments and other cofactors

(Komenda et al., 2012).

1.3.1. Arabidopsis Model of PSII Assembly.

Firstly, Cyt bssof is assembled by PsbE and PsbF, accumulates in the thylakoid
membrane as a central factor to initiate PSII assembly. D2 is assembled into Cyt bsso f
to form D2-Cyt bss9 f complexes. At the same time, precursor D1 (pD1) assembles
with Psbl to form pD1-Psbl precomplexes. The next, two precomplexes form a sub-
complex named PSII RC-like complex which locates in the membrane. The second
step is CP47 binds into RC-like to form RC47a. LMM subunits including PsbH, T, M,
and R binds with RC47a to form RCF47b. Meanwhile, LMM subunit PsbK with
CP43 incorporates into RC47b to form the OEC-less PSII core monomer to finish the
second step. The third step is the formation of PSII core monomer by assembly with

OEC complexes and additional LMM subunits including PsbW and PsbZ.

The fourth step is the formation of LHCII. LHC apoproteins are partial insert into the
inner chloroplast envelope via the chloroplast-vesicle-transport system located in
developing thylakoids of young chloroplasts (Tanz et al., 2012; Khan et al., 2013;
Karim and Aronsson, 2014). Then it is bound Chl located in the membrane. The rest
of the protein domains are inserted with pigments binding into a fully assembled
pigment-protein complex (Hoober et al., 2007; Dall’Osto et al., 2015) who locate at

the inner chloroplast envelope. The final step is the dimerization of PSII core

13



complex, and assembly with LCHII to form the PSII-LHCII SC (Swiatek et al., 2003;
Rokka et al., 2005; Torabi et al., 2014).

Even the PSII assembly procedure is highly conserved from cyanobacteria to green
plants, the initial assembly steps of photosynthetic complexes appear to be spatially
separated from sites of active photosynthesis (Lu, 2016). For example, in higher
plants, it could be detected in the non-appressed stromal lamellae (Danielsson et al.,
2006). In Chlamydomonas, the initial assembly occurs in discrete regions near the

pyrenoid, called translation zones (Uniacke and Zerges, 2007).

1.3.2. Assembly Cofactors.

More than 60 auxiliary proteins, enzymes, or components of thylakoid protein
trafficking/targeting systems are involved in the assembly, and/or the repair and
reassembly cycle of PSII (Myouga et al., 2018; Yu et al., 2018). Such as PsbP-like
proteins, atypical short-chain dehydrogenase/reductase family proteins and
tetratricopeptide repeat proteins. A series of enzymes were discovered to catalyze
important enzymatic steps, such as C-terminal processing of D1 (Nixon et al., 2010),
thiol/disulfide-modulation (Ikegami et al., 2007), phosphorylation/dephosphorylation
(Fristedt and Vener, 2011), and disassembly/repair (Jarvi et al., 2015) of PSII proteins.
These protein are absent in the crystallized complex (Komenda et al., 2012b). In these
auxiliary proteins, some of them play a conserved role in cyanobacteria, algae, and
plants, but some of them are specific and emerged after the evolution of the

chloroplast (Mulo et al., 2008).

1.4. Photodamage and de novo Assembly of PSII.

For photosynthetic organisms, the excess light energy absorbed concomitantly
damages the photosynthetic apparatus called photoinhibition or/and photodamage
(Kato et al., 2012). To dissipate the excess energy and avoid photoinhibition,
photosynthetic apparatus has developed a series of mechanisms that restrict the extent
of photooxidative damage and that repair the damaged protein components. Because

of PSII is more sensitive to light than other photosynthetic complexes, and the
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photoinhibition is accompanied by oxidative damage to D1 that necessitates repair
(Hatano-Iwasaki et al., 2000). A remarkable repair mechanism is evolved rather than
the degrading and resynthesizing whole PSII. In this repair process, D1 protein with a
dozen proteins, pigments, and cofactors are removed and replaced by the new
synthesized (Mellis, 1999). This PSII repair cycle is an essential process to recover
the PSII activity of oxygenic photosynthesis organisms (Ohad et al., 1984).
Photoinhibition would occur when the repair rate is lower than PSII inactivation and

photodamage rate (Dewez et al., 2009).

For de novo PSII assembly, PSII subunit synthesis is detected in discrete regions
named for translation zones. While the repair of photodamaged PSII complexes
occurs in the stroma lamellae of the chloroplast (Uniacke and Zerges, 2007). The first
step of PSII reparation is the disassemble and migration of the damaged PSII RC from
grana to stromal lamellae after disassembly of the PSII-SCs (Theis and Schroda,
2016). Secondly, the PSII core monomer would be migrated to stroma-exposed
thylakoid membranes and dephosphorylated for D1 degradation (Lu, 2016). Thirdly,
damaged D1 protein was replaced with the newly synthesized one inserting into
CP43-free PSII monomers by de novo synthesis. The next step is followed with de
novo step by re-assembly with OEC and then the PSII core monomer migrates back to
grana stacks. Finally, the PSII monomer will be dimerized and reformed to be the

PSII-LHCII super complex (Mulo et al., 2008; Jarvi et al., 2015).

1.5. Degradation of PS System.

1.5.1. Several reasons for PSs Degradation.

Even though the involved factors of PSII repair mechanism show species specificity
(e.g. Arabidopsis: low PSII accumulation 1 (LPA1) protein (Peng, 2000),
Chlamydomonas: repair-aberrant 27 (REP27)) (Park et al., 2007a), it is highly
conserved in all oxygenic photosynthesis organisms. Selective degradation of PS
subunits protein is proceeded to remove the damaged protein by FtsH protease (Nixon
et al., 2010; Malnoe et al., 2014; Wang et al., 2017). At this moment, the bound Chl a

and Pheo @ undergo concomitant turnover (Mullet et al., 1990; Beisel et al., 2010; Lin
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etal., 2016).

Moreover, PS multi-subunit complexes could be assembled inefficiently because of
the defects in a single subunit (e.g. pshD mutant), or in some complex. This kind of
defection could lead to the degradation of all the subunits of the complexes

(Henderson et al., 2003).

Green plants at the senescence stage or green algae in nutrient deficiency conditions
(Schulz-Raffelt et al., 2016) would start the protein-pigment complex degradation
procedure to recover nitrogen (N) and Carbon (C). In this situation, LHCII
degradation is a crucial process for the acclimation to high light conditions (Yang et

al., 1998) and for the recovery of nutrient during senescence (Guiamét et al., 2002).

1.5.2. Senescence.

Senescence is a responsive regulation to abiotic and biotic stress for plants (Wingler
and Roitsch, 2008). Furthermore, natural senescence is an important process at the
last stage of leaf development. It is characterized by dramatic changes in cellular
metabolism and cellular structures. The earliest and most significant change in cell
structure is the breakdown of chloroplast that contains up to 70% of the protein in
leaves tissue (Ishida et al., 2008). The most obvious phenomenon is leaf colors
changing from green to yellow or red (Zhou et al., 2011) caused by Chl degradation to
recapture and delocalize nutrient (Lim et al., 2007). Chl degradation is a symptom of
the transition of chloroplasts to gerontoplasts, which is the nucleus and chloroplast

coordinated procedure to regulate senescence (Kusaba et al., 2013).

Senescence is regulated by a variety of external and internal factors. The external
factors including the oxidation caused by UV-B (John et al., 2001; Sztatelman et al.,
2015) and ozone (Miller et al., 1999). The harsh environment is one of the common
external factors, including high/low temperature (Masclaux-Daubresse et al., 2006;
Rossi et al., 2017), over/less light (Fukao et al., 2012; Zhu et al., 2017), drought and
nutrient limitation. Notably, the programmed cell death caused by pathogen infection

could overlap with senescence programs (Barth, 2004; Hortensteiner et al., 2011).
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The internal factors are reproduction and plant hormones such as ethylene (C>Ha),
cytokinin (CK)s, salicylic acid (SA), jasmonic acid (JA) and so on (Sembdner and
Parthier, 1993; Version, 2008; Zhang et al., 2013; Hu et al., 2017). Plant hormones are
divided into two groups, one group is the hormones which could promote senescence
such as ethylene (Igbal et al., 2017). And another group is the hormones which could
inhibit senescence such as CKs (Gan and Amasino, 1995). Lack of plant hormones
and its regulated genes could cause delayed senescence including proteolysis, Chl

degradation, and C-N relocation.

1.5.3. Chl Degradation Pathway.

Chl degradation is tightly associated with the dismantling of pigment-protein
complexes and the degradation of Chl-binding proteins (Lin et al., 2016). During
senescence, Chl converts to colorless linear tetrapyrroles named nonfluorescent Chl
catabolites (NCCs) as the final products of Chl degradation (Hortensteiner, 2006).
Degradation of Chl involves numerous and well-characterized steps and involves

plastid and non-plastid reactions.

In this thesis, the green plants and green algae which contain Chl a and b would be
discussed about their Chl degradation pathway. Because of Chl, a is the degradable
form of Chls (Fig. 1), the first step for Chl b degradation is converting it to Chl a by
two steps. Firstly, Chl a is converted to 7-hydroxymethyl Chl a (HMChl) a by Chl b

C\E;OCHSO O~ CaHz
O~Cai T
Chlorophyll HM Chlorophyll a Chlorophyll a

Fig. 1. The Pathway of Chl b Degradation. The first step of Chl degradation is conversion of
Chl b to Chl a.

reductase (CBR) which are encoded by NON-YELLOW COLORING 1 (NYCI) and
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NYCI-LIKE (NOL)) (Shimoda et al., 2012). Secondly, HMChl a is converted to Chl a
by HMChl a reductase (HCAR) which is encoded by HCAR.

Then Chl a degradation (Fig. 2) will be continued catalyzed by Mg-dechelatase. This

OH

Chlorophyll a Pheophytin a Pheophorbide a Red Chlorophyll catabolite

Fig. 2. A part of the Chl degradation pathway. Mg-dechelatase catalyzes the conversion of
Chl a to Pheo a.

is encoded by NON-YELLOWINGSs/STAY-GREENs (NYEs/SGRs) (Armstead et al.,
2007a; Ren et al., 2007; Chen et al., 2016). Mg is initially removed from the central of
Chl a to create Pheo a. Pheo a is hydrolyzed by PPH to produce pheophorbide
(Pheide) a. Notably, Chl catabolites lose green color when the porphyrin ring of
Pheide a is cleaved by PaO, resulting in oxidized red Chl catabolite (RCC) (Zhou et
al., 2011).

RCC is turned to primary fluorescent Chl catabolite (pFCC) (Fig. 3) catalyzed by red
Chl catabolite reductase (RCCR) (Thomas et al., 2002). Then pFCC is modified and

transported into the vacuole, and isomerized to NCCs (Pruzinska et al., 2003).

|
Red Chlorophyll Primary fluorescent Nonfluorescent
catabolite Chlorophyll catabolite Chlorophyll catabolite

Fig. 3. The last stage of Chl degradation pathway in higher plants. The pathway of the late
stage includes the cleavage reaction and steps after the reaction. And the products in late stage

are colorless.
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The Chl degradation pathway is highly conserved in high plants but still not fully
elucidated in green algae and cyanobacteria (Hortensteiner et al., 2011). While, in
some mutants such as NYC (Sato et al., 2018), PAO (Thomas et al., 2002), PPH
(Schelbert et al., 2009), SGR (Rong et al., 2013), the Chl degradation pathway is
blocked to show a stay-green phenotype (Jibran et al., 2015) called as stay green
mutants (Park et al., 2007b; Ren et al., 2007; Hortensteiner et al., 2011; Shimoda et
al., 2016).

1.6. The Stay Green Trait.

Stay green phenotype reflects impaired or delayed Chl catabolism, which means the
mutants retain more Chls and photosynthetic capacity, which can be linked to higher
yield (Jordan et al., 2012) and higher resistance (Borrell et al., 2014). It is well studied
in several cereal crop species, such as wheat (Triticum aestivum L) (Luo et al., 2013a;
Singh and Vaishali, 2016) and sorghum (Sorghum bicolor (L.) Moench) (Xu et al.,
2000). Stay-green was divided into two groups, cosmetic stay-green and functional
stay-green (Thomas and Howarth, 2000; Lim and Paek, 2015). In cosmetic stay-
greens, all components of senescence syndrome are unaffected. The plant only shows
maintained green color of leaves, because the primary lesion is confined to pigment
catabolism (Morita et al., 2009). However, in functional stay-greens, the grain yield
was increased through the sustained photosynthetic competence during monocarpic
senescence in cereal crops (Fu et al, 2000; Zhou et al., 2011), and the entire

senescence syndrome is delayed.

Stay-green genes encode members of chloroplast-located proteins (Thomas and
Ougham, 2014), which are possibly functional to disable the Chl-apoprotein
complexes in PSs or have the catalytic characteristics (Yoo et al., 2007; Matsuda et
al., 2016). Meanwhile, the absence of a gene that controls the Chl degradation
pathway also could cause the same stay-green phenotype even because of the different
regulatory mechanism. Stay-green mutants exist in a mass of plant species

(Hortensteiner, 2009) and some of the stay-green genes are highly homologous.
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1.7. SGR.

Mendel’s green cotyledon gene is named stay-green (SGR). Its mutants are reported to
be the visible stay green phenotype by Chl retention (Park et al., 2007b; Alos et al.,
2008) in many species, such like Arabidopsis (Arabidopsis thaliana) (Shimoda et al.,
2016), tomato (Solanum lycopersicum) (Luo et al., 2013b), rice (Oryza sativa) (Sato
et al., 2007), pea (Pisum sativum) (Bell et al., 2015) and Alfalfa (Medicago sativa)
(Zhou et al., 2011). In others species, it is named SGR (Jiang et al.,
2007), NONYELLOWING (NYEI) (Ren et al., 2007), GREEN-FLESH (GF) (Cheung
et al., 1993; Barry and Pandey, 2009), or CHLOROPHYLL RETAINER (CL) (Barry et
al., 2008).

Green plant Arabidopsis have three SGR genes, SGRI, SGR2, and SGRL, but green
algae Chlamydomonas only have one SGR (Yasuhito et al., 2015). The Arabidopsis
sgrl and sgr2 showed gradually increasing expression level during the development
of plants, suggesting that SGRI and SGR2 might be involved in senescence regulation
by Chl degradation (Barry et al., 2008; Delmas et al., 2013; Wu et al., 2016; Li et al.,
2017). Meanwhile, the Arabidopsis sgrl show the adverse expression pattern,
suggesting it might be involved in stressful environment response (Sakuraba et al.,
2014) or Chl degradation like in pea (Bell et al., 2015) and rice (Rong et al., 2013).
The function of Chlamydomonas SGR is identified as an Mg-dechelatase in vitro
experiment (Matsuda et al., 2016) like Arabidopsis SGR (Shimoda et al., 2016). But
the physiological function of Chlamydomonas SGR is not investigated yet.

1.8. The strategy of Pheo a supply.

Arabidopsis and Chlamydomonas SGR convert Chl a to Pheo a by removing Mg
from the center of Chl a (Matsuda et al., 2016; Shimoda et al., 2016). The formed
Pheo a would proceed to the next degradation step to finish Chl degradation observed

in senescence stage and disassemble/repair procedure.

The Chl composition of D1/D2 heterodimer complex is different from that of other
LHC because only the RC complex contains Pheo a in addition to Chl a, suggesting
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that supply Pheo @ may contribute in RC complex formation. However, the impact of
Pheo a synthesis on the formation of PSII has never been addressed before. Because
the production mechanism of Pheo a has been unknown for a long time
(Hortensteiner, 2012; Shimoda et al., 2016). The Mg in Chl is spontaneously released
under acidic conditions (Saga et al., 2013), which led to the hypothesis that Pheo a is
nonenzymatically produced from Chl a under such conditions (Christ and

Hortensteiner, 2014).

SGR could catalyze the convert from Chl a to Pheo a by removing Mg. These studies
clearly show that Pheo a is not only spontaneously produced but also enzymatically
synthesized. There are three hypotheses now for the production of Pheo a in PSII
formation: Firstly, Pheo a is produced by SGR. Secondly, Pheo a is produced by an
unidentified Mg-dechelatase. Thirdly, Pheo a is formed in the PSII RC.

Because of Chlamydomonas could grow heterotrophically without PSII,
Chlamydomonas sgr mutants which have low PSII core but unchanged PSI and
LHCII levels were used. These phenotypes were different from Arabidopsis sgr triple
mutants which have the unaffected PSs levels compared with wild type (WT). Based
on these results, we discussed the role of SGR in the formation and degradation of PSs

from an evolutionary viewpoint.
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2. Materials and Methods
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2.1. Organisms Sources.

Arabidopsis (Columbia ecotype) wild type (WT) used in this study, sgr triple mutants
were obtained by crossing mutants lacking SGRI (Ren et al., 2007), SGR2
(SALK 003830C) and SGRL (SALK 084849). Genomic DNA PCR was used to
confirm the mutation. The sgr2 and sgr/ mutants were obtained from the Arabidopsis

Biological Resource Center.

Chlamydomonas WT (CC-1618 cwl5 arg7 mt-) were used for this study, PsbD

deletion mutants were purchased from the Chlamydomonas Resource Center.

2.2. Culture and Growth Conditions.

Arabidopsis plants were grown on soil under long day (16 h light equipped with white
fluorescent lamps at the light intensity around 90 pmol photons m? s (NL90): 8 h
dark) conditions at 22 °C (Shimoda et al., 2016).

Suspension cultures of Chlamydomonas were grown in TAP medium
photomixotrophically or in HSM medium (HSM medium growth curve only)
photoautotrophically. Mutation screening cultures of Chlamydomonas were grown in
TAP solid medium with antibiotics. Forty mL Erlenmeyer flasks culture were shaken
at 120 rpm under continuous fluorescent light (1 umol photons m? s, LL1; 80 pmol
photons m? s™!, NL8O (in all the experiments excepted more descriptive information);

or 250 umol photons m™ s!, HL250) at 25 °C.

2.3. Dark Treatment for Senescence Introduction.

Arabidopsis detached leaves were transferred to a whole set of 24 well tissue culture
plates with water surrounded at the outermost side of the plate. The plates were sealed
and covered with aluminum foil and placed in the paper box. The detached leaves

were put at the same growth conditions without light.

2.4. Strong Light Treatment for Arabidopsis and Chlamydomonas.
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Chlamydomonas logarithmic phase cells grown at NL80 were used for these
experiments. To avoid the interference caused by thermal damage, the
Chlamydomonas culture flasks were physically insulated from shaker by a
thermal baffle. Chlamydomonas cultures were exposed to SL750 for 60 h strong light

treatment and Fv/Fm ratios were measured each 12 h after 10 min of dark adaption.

2.5. Construction of Mutant Library of Chlamydomonas.

The pSI-103 vector obtained from Chlamydomonas Resource Center was used to
generate the mutant library by DNA insertional mutagenesis (Tanaka et al., 1998). The
strategy for isolating Chlamydomonas sgr mutants is the hypothesis of the relation
between photosystem activity and the function of SGR, details are described in
Results. For the identification of a DNA region flanked by the inserted T-DNA, TAIL

(thermal asymmetric interlaced)-PCR was carried out (Matsuo et al., 2008).

2.6 Complementation of Chlamydomonas sgr Mutants.

Chlamydomonas SGR ¢cDNA was prepared by PCR, and specific primers of SGR
(Cr_SGR) were listed in Table. 1. Amplified fragments were introduced into the
pChlamy 1 vector (Invitrogen) between the Ncol and Notl sites. The Ncol site was
created by modifying the original start codon. Fv/Fm ratios of Chlamydomonas grown
on the agar plates were measured using FluorCam 701MF to select the complemented
cell, and then confirmed by genomic PCR.

Table. 1 Primer list of PCR for preparation and confirmation of Chlamydomonas
complimented lines.

Name Primer sequence (5’ to 3°)
Cr SGR-F CACTCAACATCTTACGGTAAGTATGTTAGACACGACTTGG
Cr SGR-R TCATATGGCGGCCGCCAACAGGTCATGTTACAGGGGGCAT

2.7. Complementation of Arabidopsis sgr Triple Mutants.
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CrSGR with the Arabidopsis SGR1 transit peptide was prepared as previously
described (Matsuda et al., 2016). This fragment was introduced into the Gateway
entry vector pENTR4 Dual and then introduced into the Gateway-compatible
inducible vector pEarleyGate 100. The construct was transferred into Agrobacterium
tumefaciens (strain GV3101) and transformed into the Arabidopsis sgr triple mutant
using a floral dip method. Transgene expression was driven using the 35S promoter
and Arabidopsis SGR1 (2 kbp) promoter which amplified from Arabidopsis genomic
DNA using specific primer sets AtSGRI promoter listed in Table. 3 and fused with
the Chlamydomonas SGR with the Arabidopsis SGR1 transit peptide. This construct
was introduced into Arabidopsis using pEarleyGate301 and confirmed by genomic
DNA PCR using the specific primers sets CrSGR T to amplify CrSGR using the
terminator fragments listed in Table. 2.

Table. 2 Primer list of PCR for preparation and confirmation of Arabidopsis
complimented lines.

Name Primer sequence (5’ to 3”)
AtSGRI promoter-F GCAGGCTCCACCATGGATTGCAGGATGTTATAAG
AtSGRI promoter-R AACTACACATCTCTGCTTGAAACCCA
AtSGR_CrSGR-F GAGAGCAGAGATGTGTAGTTTGTCGGCGAT
CrSGR _pENT-R AAGCTGGGTCTAGATTCACTTGTCGTCATCGTCTT
AtTransit pENT-F GCAGGCTCCACCATGTGTAGTTTGTCGGCGATTAT
CrSGR_T-F TGAGGAGGACCAGCAGCAAC
CrSGR_T-R GAACCGAAACCGGCGGTAAG
ACT2-F AGTGTTGTTGGTAGGCCAAG
ACT2-R CAGTAAGGTCACGTCCAGCA
CrSGR-F GGCACAAGTAGCAGCAGTAG
CrSGR-R CACTTGTCGTCATCGTCTTTG

2.8. Measurement of Fv/Fm Ratios.

Fv/Fm ratios were measured using FluorCam 701MF and PAM-2500 (Walz)

chlorophyll (Chl) fluorometer after 10 min of dark acclimation.
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2.9. Pigment Extraction and High-Performance Liquid
Chromatography (HPLC) Analysis.

Arabidopsis plants leaves were ground by the liquid nitrogen cooled grinder and
resuspended by 20 times fresh weight acetone. Chlamydomonas cells were harvested
by centrifugation at 22,500 x g for 1 min and resuspended in 50 uL. water, then adding
200 pL acetone for pigment extraction. These solutions were mixed vigorously for 1

min and centrifuged at 22,500 x g for 10 min.

Twenty pL supernatant was subjected, RF20A fluorescence detector and a SPD-M10A
diode array detector (Shimadzu), symmetry C8 column (150 mm in length and 4.6
mm in inner diameter; Waters), were used for the HPLC system (Shimoda et al.,
2016). Calibration curves of known pigments were constructed to quantify Chl and
pheophytin (Pheo). Violaxanthin (Viol) and neoxanthin (Neo) was relatively

quantified by leaves area.

2.10. Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE)
Analysis.

Arabidopsis leaves were ground with liquid nitrogen cooled grinder and resuspended
by two times fresh weight cooled buffer (named BN-solubilization buffer in this
thesis) containing 50 mM imidazole/HCI (pH 7.0), 20% (wt/vol) glycerol, 5 mM 6-

aminocaproic acid, | mM EDTA and 1% (vol/vol) Protease inhibitor cocktail (Sigma).

Chlamydomonas logarithmic phase cells were harvested by centrifugation at 7,000 x
g for 5 min at 4 °C, then resuspended in cooled BN-solubilization buffer. Cells were
disrupted using a Mini-bead beater with 0.5 mm diameter glass beads at 5,000 rpm for

60 s, each 20 s as an interval on ice.

These homogenates were centrifuged at 22,500 x g for 1 min at 4 °C. The pellet was

washed twice with cooled BN-solubilization buffer, then resuspended and mixed with

26



the same volume of 2% (wt/vol) a-dodecyl maltoside (0-DM), the final Chl
concentration would reach 0.25~0.5 pg/uL. The 10 pL Arabidopsis and
Chlamydomonas supernatant containing membrane proteins were separated on a

4~14% acrylamide gradient gel at 4 °C (Takabayashi et al., 2011).

2.11. Second Dimensional (2D) Electrophoresis.

Following electrophoresis, bands from Chlamydomonas BN-PAGE gel were excised
to gel pieces. An electrophoresis lane gel from Arabidopsis and the gel pieces from
Chlamydomonas were heated at 80 °C for 3 min in 100 pL water and cooled to room
temperature. The same volume buffer (named solubilizing buffer in this thesis)
containing 10% (wt/vol) sucrose, 125 mM Tris-HCI (pH 6.8), 4% (wt/vol) SDS, 1%
(wt/vol) bromophenol blue and 10% (vol/vol) 2-mercaptoethanol was added to the
heated sample and equilibrated for 5 min. Sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) with 14% separation gel and containing 8 M urea

were performed as reported previously (Takabayashi et al., 2011).

2.12. Silver Staining.

After running the gel in electrophoresis apparatus, BN-2D/SDS-PAGE gel was
incubated by fixative solution A containing 50% (vol/vol) methanol and 10% (vol/vol)
acidic acid for one hour with gentle shaking. Secondly, transfer gel to fixative solution
B containing 20% (vol/vol) methanol, 7% (vol/vol) acidic acid and 0.05% (wt/vol)
thiourea for 15 min. Next step is transfer gel to pretreatment solution containing 47%
(vol/vol) methanol, 0.26% (vol/vol) Gultaraldehyde and 1.05% (wt/vol) DTT for 10
min. The gel was washed 3 min by Milli-Q water for twice then stained by staining
solution containing 1% (wt/vol) AgNOs, 1% (vol/vol) ammonia solution, 2.5%
(wt/vol) NaOH for 8 min. The gel was washed 3 min by MQ water for three times and
then developed with developing solution containing 0.05% (vol/vol) formaldehyde,
0.005% (wt/vol) citric acid for 3 min (Takabayashi et al., 2011).

2.13. Low-Temperature Fluorescence Analysis of BN-PAGE gel.
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Green bands of BN-PAGE gel (for Chlamydomonas only) were put into glass tubes
and frozen in liquid nitrogen immediately. Low-temperature emission spectra were
measured by exciting frozen samples at 440 nm, an F-2500 fluorescence

spectrophotometer (Hitachi) was used to perform this experiment.

2.14. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE) Analysis.

Arabidopsis 2-week-old plant leaves were homogenized with 20 times (wt/vol)
solubilizing buffer. Chlamydomonas logarithmic phase cells were harvested by
centrifugation at 7,000 x g for 5 min at 4 °C, then resuspended in solubilizing buffer.
The homogenate was centrifuged at 22,500 x g for 1 min at room temperature, and 1
uL of supernatant was resolved with 14% polyacrylamide gel perform SDS-PAGE
Analysis.

2.15. Immunoblotting Analysis.

SDS-PAGE was performed, and the components were electroblotted to PVDF
membrane. Primary antibodies against CP43 (1:10,000) (Tanaka et al., 1991), CP47
(1:10,000, Agrisera), D1 (1:10,000, Agrisera), D2 (1:10,000, Agrisera), LHCII
(1:5,000) (Tanaka et al., 1991), PsaA (1:2,000, Agrisera) and PsaC (1:10,000,
Agrisera), PsaA/PsaB (1:100,000) (Tanaka et al., 1991); and appropriate secondary
antibodies (1:10,000, Sigma) were used.

2.16. Low-Temperature Fluorescence Analysis of Chlamydomonas

Cells.

Chlamydomonas logarithmic phase cells were adjusted to 0.5 pg Chl/mL in the dark
environment, then immediately frozen in liquid nitrogen with 25% (vol/vol) glycerol.
Low-temperature emission spectra were measured by exciting frozen samples at 440

nm using F-2500 fluorescence spectrophotometer (Hitachi).

28



2.17. P700/Chl Measurement of Chlamydomonas.

Chlamydomonas logarithmic phase cells were centrifugation at 7,000 x g for 5 min at
4 °C and resuspended in buffer containing 25mM Tricine-NaOH (pH 8.0), and 0.1%
Nonidet P-40 by adjusting the Chl content at 20pg/mL. P700/Chl was measured by
previous reports (Tanaka et al., 1991).

2.18. Nitrogen (N) Starvation Treatment.

Chlamydomonas logarithmic phase cells cultured in TAP medium were harvested by
low-speed centrifugation and resuspended in TAP-N- medium (Sharma et al., 2015)

and TP-N-medium with constant air flow containing 5% CO», respectively.

2.19. RNA Extraction and Real-Time Polymerase Chain Reaction
(qQRT-PCR).

From Chlamydomonas cells, 4- and 9-week-old Arabidopsis leaves total RNA was
extracted using an RNeasy mini kit (Qiagen), cDNA was synthesized by
PrimeScriptRT reagent kit with gDNA Eraser (TaKaRa), and qRT-PCR was
performed by an iQ5 Real-time detection system (Bio-Rad). Primer pairs for
Chlamydomonas are listed in Table. 3 and Chlamydomonas G protein B-subunit-like
polypeptide (CBLP) was used as a control. Data were analyzed with 1Q5 Optical

system software (Bio-Rad).

Table. 3 Primer list of gRT-PCR for nitrogen starvation of Chlamydomonas.

Name Primer sequence (5’ to 3°)
NYCI-F CGGGTGGAGGACACATCTTC
NYCI-R TGACTGTGTGCAGCTTGATG

PaO-F CAAGCTCATCTCGAACATCC

PaO-R GCCACTCATCTCGAACATCC

SGR-F TTCATTTCCAGTCCAGCGTG
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SGR-R CGATGATGGCGTAAATGGTG
CBLP-F GATGTGCTGTCCGTGGCTTTC
CBLP-R ACGATGATGGGGTTGGTGGTC
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3. Results
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3. 1. Chlamydomonas sgr Mutants Isolation.

The strategy of mutant isolation was based on the hypothesis that photosystem (PS) II
formation depends on supplying of pheophytin (Pheo) a. Fv/Fm ratio gives a robust
indicator of the maximum quantum efficiency of PSII (Murchie and Lawson, 2013).
The mutant library was generated using insertional DNA mutagenesis in the first step.
Mutagenized Chlamydomonas cells were grown on agar plates containing antibiotics
for mutation screening. To avoid the photodamage, Chlamydomonas cells were
cultured under low light conditions to carry out the first-round mutation screening.
Using approximately 80,000 independent Chlamydomonas mutant colonies, Fv/Fm
ratios were measured using a chlorophyll (Chl) fluorometer imaging system

(FluorCam), and low Fv/Fm ratios colonies were selected with a highly variable size.

These colonies were cultured in liquid TAP medium for the second screening. Fv/Fm
ratios were determined using a PAM Chl fluorometer to isolate 200 mutants with low
Fv/Fm ratios which were below 0.5 (healthy wild type (WT) was around 0.8).
Thermal asymmetric interlaced (TAIL)-PCR were performed with these 150 mutants
which flanked by the inserted DNAs for the DNA regions. Assuming a large genomic
DNA deletion of following the DNA insertion (Tanaka et al., 1998), these 150 mutants
were classified into 60 groups, each with 1-7 independent mutants. One of these
groups in which the SGR gene was deleted were confirmed by genomic PCR (Fig. 4).
Two of Chlamydomonas null sgr mutants were obtained and used for further

experimental analyses.
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Fig. 4. Genomic PCR of confirmation Chlamydomonas null sgr mutants and sgr

complementation. Chlamydomonas cells were grown in TAP medium at NLSO0.

3. 2. Fv/Fm Ratios Analysis under Several Light Intensity.
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The effects of light intensity on the Fv/Fm ratio was preclusive. Under normal light
conditions (80 pmol photons m? s, NL80), the Chlamydomonas sgr mutants
exhibited half levels (around 0.4) Fv/Fm ratios compared to WT (around 0.8) (Fig. 5).
The intact Chlamydomonas SGR gene was introduced into genomes of the two
Chlamydomonas sgr mutants to confirm that the mutant phenotypes were caused by
SGR gene deletion, which was confirmed by the restored Fv/Fm ratios similar (around
0.8) to WT level in two complementation lines (Fig. 5). Fv/Fm ratios of the two
Chlamydomonas sgr mutants and the two complementation lines under extremely low
light conditions (1 pmol photon m? s, LL1) (Fig. 5) were like those of NL80
indicating that the low Fv/Fm phenotypes were caused by SGR gene deletion but not
by photodamage. Under high light conditions (250 umol photons m™? s, HL250), the
Fv/Fm ratios showed decreased levels in all lines including WT, two Chlamydomonas
sgr mutants, and two complementation lines. Notably, the Fv/Fm ratios of the two
Chlamydomonas sgr mutants were reduced under extremely low light conditions
(LL1) (Fig. 5). All these results indicate that the low Fv/Fm ratios of the two

Chlamydomonas sgr mutants are not caused by photoinhibition or photodamage.
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Fig. 5. The affection of light intensity on Fv/Fm ratios in Chlamydomonas cells.
Chlamydomonas cells were cultured in TAP medium at NL8O to stationary growth phase, then
exposed to LL1, NL80, or HL250 for 2 days. The Fv/Fm ratios were measured after 10 min of
dark acclimation. Measurements from 3—-6 biological replicates (mean + SD) that were

significantly different from WT are indicated (** P < 0.01, * P < 0.05, Student’s t-test).

33



The previous reports showed that the reduced PSII levels are the result of the
photosensitive phenotypes, which includes easily photodamaged and reduced
recovery speed from photoinhibition. The second step is the examination to the strong
light conditions (750 pmol photons m? s, SL750) response of all Chlamydomonas
materials which were grown under NL80 light to stationary phase and then exposed to
SL750 conditions. The Fv/Fm ratios were reduced by strong light treatment and only
remained about 0.2 in WT while rapidly reduced to 0 and did not recover in the two
Chlamydomonas sgr mutants (Fig. 6). The unrecovered Fv/Fm ratio of
Chlamydomonas sgr mutants might be because of the cell death caused by strong
light treatment. This result showed a deficiency of SGR has a positive correlation with

the increased photosensitivity and reduced photo recovery ability.
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Fig. 6. The affection of photoinhibition on Fv/Fm ratios in Chlamydomonas cells.
Chlamydomonas cells were cultured in TAP medium at NL8O to stationary growth phase, then
exposed to SL750 for 60 hours. The Fv/Fm ratios were measured after 10 min of dark
acclimation. Measurements from 3—6 biological replicates (mean =+ SD) that were significantly

different from WT are indicated (** P < 0.01, Student’s t-test).

3. 3. Growth Rates Analysis at Photomixotrophically and
Photoautotrophically Conditions.

The carbon source is necessary for Chlamydomonas. One of the functions of PSII is
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to fix the carbon for plant survival. It is necessary to examine the photoautotrophic
ability to further explanation whether the PSII is functional or not in the two
Chlamydomonas sgr mutants. At the same time, photomixotrophic ability is necessary
to illuminate deeper understanding of the function of Chlamydomonas SGR to PSII
formation. The effects of carbon source TAP medium (Fig. 7), deficiency HSM
medium (Fig. 8) to the growth rate of the SGR mutation were examined. The two
Chlamydomonas sgr mutants showed reduced growth rates while the two
complemented lines showed similar growth rates (Fig. 7) to the WT under NL
conditions in either medium. The Chlamydomonas sgr mutants could grow
photoautotrophically (Fig. 8) but showed reduced growth rates, indicating partly
formation of functional PSII. These experiments showed that active PSII was partly
formed in Chlamydomonas sgr mutants to support the photoautotrophic growth, and

the SGR is involved in the active PSII formation in Chlamydomonas.
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Fig. 7. Growth rates under photomixotrophic conditions. Chlamydomonas cells grown at
NL80 were inoculated at an optical density of 0.1 at 750 nm and grown photomixotrophically.
Measurements from 3—6 biological replicates (mean = SD) that were significantly different

from the WT are indicated (** P < 0.01, Student’s t-test).
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Fig. 8. Growth rates under photoautotrophic conditions. Chlamydomonas cells grown at
NL80 were inoculated at an optical density of 0.1 at 750 nm and grown photoautotrophically
on HSM medium. Measurements from 3—6 biological replicates (mean + SD) that were

significantly different from the WT are indicated (** P < 0.01, Student’s t-test).

3. 4. Measurement of Pheo a Accumulation Levels.

The previous report showed that Chlamydomonas SGR catalyzes the degradation of
Chl a to converting it to Pheo a (Matsuda et al., 2016). One of the possible reasons for
the reduced Fv/Fm ratio is a limited supply of Pheo a for PSII formation which is
caused by lack of SGR. The size of Pheo a pool was measured using high-
performance liquid chromatography (HPLC). The Pheo a/Chl ratio level was around
0.009 in the WT (Fig. 9) at the very early growth phase where the optical density at
750 nm was around 0.1 (Fig. 7). This value is largely consistent with a previous
report, which found a Chlamydomonas WT Chl/Pheo a ratio was 100 (Garnier et al.,
1990).
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Fig. 9. The Pheo a/Chl ratios of sgr mutant and sgr complemented mutant during the
growth phase. Chlamydomonas cells were grown in TAP medium at NL80 which inoculated
at an optical density of 0.1 at 750 nm. Measurements from 3—6 biological replicates (mean =+
SD) that were significantly different from the WT are indicated (** P < 0.01, * P < 0.05,
Student’s t-test).

The Pheo a/Chl ratios in the Chlamydomonas sgr mutants were around 60% of WT
(Fig. 9) and similar to psbD mutant (Fig. 10) at the same growth phase. The
introduction of the SGR gene into the Chlamydomonas sgr mutants increased Pheo
a/Chl levels (Fig. 9) even beyond WT, in keeping the increased Fv/Fm ratios (Fig. 5).
These results indicate that reduced photosystem activity and photosynthesis ability in
two Chlamydomonas sgr mutants were caused by the restricted Pheo a supply. The
Pheo a levels were increased accompanied with the culture time by unclear reasons.
One of the possible reasons is partial Chl degradation or cell death during the later

culture period.
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Fig. 10. The Pheo a/Chl ratios of psbD mutant during the growth phase. Pheo a/Chl ratios
of the WT and psbD mutant during the growth phase. Chlamydomonas cells were grown in
TAP media at NL80 and were inoculated at an optical density of 0.1 at 750 nm. Measurements
from 3—6 biological replicates (mean + SD) that were significantly different from the WT are
indicated (** P <0.01, * P <0.05, Student’s t-test).

3. 5. The Pigment Levels Analysis of Chlamydomonas sgr Mutants.

To further examine the pigment-proteins complexes change caused by the
Chlamydomonas SGR defect, the Chl levels of Chlamydomonas WT and sgr mutants
during the growth span were investigated using HPLC. The Chl levels of the two
Chlamydomonas sgr mutants were 50% of the WT (Fig. 11) at the very early growth
phase when the optical density at 750 nm around was 0.1 (Fig. 7). This Chl ratio
(Chlamydomonas sgr mutant/WT) was not increased during the culture period. The
introduction of the SGR gene into the sgr mutants recovered the Chl levels (Fig. 11)
similar to WT. These results suggest that the defect of Chlamydomonas SGR could

cause the pigment-protein complex partially formation.
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Fig. 11. The Chl levels during the growth phase. Chlamydomonas cells were grown in TAP
media at NL80 and were inoculated at an optical density of 0.1 at 750 nm. Measurements from
3—6 biological replicates (mean + SD) that were significantly different from the WT are
indicated (** P <0.01, * P <0.05, Student’s t-test).

3. 6. BN-PAGE Analysis of Chlamydomonas.

Pigment analysis (Fig. 9, Fig. 11) suggested that PSII formation was defective in the
Chlamydomonas sgr mutants. To examine whether the PSs were properly formed,
Chlamydomonas WT and the sgr mutants were cultured for BN-PAGE analysis to
know the PSs levels (Fig. 12). Compared with WT, the Chlamydomonas sgr mutant
showed reduced PSII-LHCII super complex levels shown in band 1, 2 and 3. In band
4, 5, 6 and 7, Chlamydomonas sgr mutants showed similar levels as WT. Band 4 and
5 of BN-PAGE gel, which might mainly be PSI-LHCI, band 6 and 7 should be LHCII
trimer and monomer. The introduction of the SGR gene into the Chlamydomonas sgr
mutants induced the PS levels (Fig. 12) even beyond WT, in keeping with the
increased Fv/Fm ratios (Fig. 5). This result means Chlamydomonas SGR is functional

to PSII proteins formation.
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Fig. 12. BN-PAGE analysis of the photosystems of Chlamydomonas. Chlamydomonas cells
were grown in TAP medium at NL80, and the photosystems were resolved using BN-PAGE.

3. 7. Low-Temperature Fluorescence of BN-PAGE Bands of

Chlamydomonas.

To identify the components in each major green band from BN-PAGE analysis, the
low-temperature fluorescence spectra of bands 1-5 (Fig. 13) were measured using
Hitachi F-2500 Fluorescence Spectrophotometer and data were analyzed using
Microsoft Excel. Even though Coomassie brilliant blue quenches the LHCII
excitation energy (Yokono et al., 2015), PSI and PSII fluorescence signal from BN-
PAGE gels still could be detected. In Chlamydomonas WT, bands 1, 2 and 3 exhibited
similar fluorescence spectra, each with a peak of around 690 nm as the characteristic
of a PSII spectrum. Band 4 exhibited mainly PSI fluorescence spectra with a small
PSII peak and PSI-LHCI signals. Band 5 also exhibited fluorescence peaks of both
PSs, it contained PSI-LHCI and the PSII-dimer, which are already known by co-
migrate (Takabayashi et al., 2011). The intensities of bands 1, 2 and 3 from
Chlamydomonas sgr mutants (presented sgr-1 mutant only, sgr-2 mutant showed

similar results and data not shown) were reduced compared with those of WT.
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Fluorescence at approximately 720 nm in these three bands of Chlamydomonas sgr
mutants could be derived from contaminated PSI. The PSII fluorescence was
dominant in band 4 of Chlamydomonas sgr mutant which is slightly different from
the WT which showed the higher PSII and lower PSI signals. Band 5 of
Chlamydomonas sgr mutant had a fluorescent peak at around 720 nm of PSI and a
very low or lack of peak corresponding to PSII. The intensities of the PSI (bands 4
and 5) and LHCII bands (bands 6 and 7) were not particularly different between
Chlamydomonas WT and sgr mutants. These results implied that the PSII and its
components were affected but PSI and LHCII were not affected by Chlamydomonas
SGR deletion, that is consistent with the HPLC and BN-PAGE analysis results.
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Fig. 13. Low temperature fluorescence spectra of the green bands resolved by BN-PAGE.
Green bands 1 to 5 from Chlamydomonas WT and sgr mutant (sgr-1 mutant only, sgr-2
mutant showed similar results and data not shown) were excised and frozen in liquid nitrogen
and kept in dark environment, and the fluorescence emission spectra at 440 nm excitation were
directly measured in liquid nitrogen temperature. For each green band, the means of 60 spectra

are presented.

41



3. 8. Silver Staining of BN-PAGE Bands of Chlamydomonas.

The primary conclusion of the low-temperature fluorescence of BN-PAGE bands is
followed: band 1 to 5 showed strong signals of the PS systems super complex
including PSI and PSII in WT but reduced PSII levels in Chlamydomonas sgr mutant
(sgr mutant-1 only, sgr mutant-2 showed the similar results and data not shown).
Band 6 and 7 showed a similar signal as LHCII trimer and monomer. These PSs
identification were confirmed by silver staining of the individual green bands (Fig.
14).
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Fig. 14. Silver staining analysis of BN-PAGE of Chlamydomonas. Bands from the BN-
PAGE gel of Chlamydomonas WT (A) and the sgr mutant (B) (the Chlamydomonas sgr-1
mutant only, the sgr-2 mutant showed similar result and data not shown) were excised and
examined using SDS-PAGE. Silver staining were performed, loaded volume of marker for

wild type and sgr-1 is 1 and 0.1 p ml respectively.

3. 9. Immunoblotting Analysis of Chlamydomonas Protein.

To investigate each protein level of PSs, immunoblotting analysis (Fig. 15) was
performed. Chlamydomonas WT protein was diluted from 1/4 to 1 time. Compared

with the WT, both two Chlamydomonas sgr mutants showed reduced more than 75%

42



levels of PSII proteins. Interestingly, D2 protein levels were higher compared with
other PSII proteins because the remained pre-assembly PSII component was similar
as previously paper (Che et al., 2013). By contrast, PSI proteins and LHCII proteins
levels were not particularly different between Chlamydomonas WT and sgr mutants.
These results also indicate that PSII RC is preferentially reduced but PSI RC
remained in Chlamydomonas sgr mutants, which is consistent with BN-PAGE

analysis (Fig. 12).

X
WT N QN b
s 12 11§ %@QS o

il rr B Ne..J
CP43 W
-y R BN |
D) [ - D D = S

e > < f
LHCII —

PSII

>

LA

-
S-S F -

sy n 1 & 1 1 1 |
PaaC [

Fig. 15. Immunoblotting analysis of photosynthetic proteins of Chlamydomonas.

PSI

Chlamydomonas cells were grown in TAP media at NL80, and membrane proteins containing
0.2 pg Chl (CP47, CP43, D1, PsaA, and PsaC) or 0.1 pg Chl (D2 and LHCII) were used for

analyzing.

3. 10. Low-Temperature Fluorescence Analysis of Chlamydomonas

Whole Cells.

To further examine the reduced PSII level, the low-temperature fluorescence spectra
of Chlamydomonas whole cells were measured using Hitachi F-2500 Fluorescence
Spectrophotometer (Fig. 16). The fluorescent peak around 710 nm was observed as
the signal of PSI. Fluorescence spectra were normalized based on this peak. WT: sgr

(the Chlamydomonas sgr-1 mutant only, the sgr-2 mutant showed similar result and
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data not shown) mutant was compared at 680nm which is the signal of PSII. The PSII
fluorescent peak of Chlamydomonas sgr mutant was only 70% of the WT, which
indicate that the PSII level was reduced in Chlamydomonas sgr mutants. This result
consists with the conclusion of BN-PAGE analysis results (Fig. 12) and
immunoblotting analysis results (Fig. 15). It is further proved that the

Chlamydomonas SGR is involved in PSII formation.
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Fig. 16. Low temperature fluorescence spectra of the Chlamydomonas cells.
Chlamydomonas cells were grown at NL80, and the fluorescence emission spectra at 440 nm
excitation were directly measured in liquid nitrogen temperature. The fluorescence spectra

were normalized at 710 nm, and the spectra are presented by the means of 20 times.

3. 11. P700/Chl Ratios Analysis of Chlamydomonas.

To further determine the PSI levels, P700/Chl ratios were measured using the
spectroscopic method (Fig. 17). Chlamydomonas sgr mutants showed high P700/Chl
level than WT. This is reasonable, because the Chl content (Fig. 11) was reduced
compared to WT caused by PSII (Fig. 15, Fig. 16) lacking. From this result, the PSI
level of sgr mutant was carried out, which is Chlamydomonas SGR is not involved in

PSI formation.
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Fig. 17. P700/Chl ratios of Chlamydomonas. Chlamydomonas cells were grown in TAP
media at NL&O0.

3. 12. Chl Degradation Analysis of Chlamydomonas.

Previously report (Park et al., 2007b) showed SGR catalyzes the first step of Chl
degradation by converting Chl a to Pheo a in land plants, and Chl degradation was
delayed in the Arabidopsis sgr triple mutant. The contribution of SGR to Chl
degradation was examined. Instead of unwieldy senescence, Chl degradation was

induced by nitrogen (N) starvation at photo mixotrophic culture conditions (Fig. 18).
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Fig. 18. Chl degradation during N starvation. Chlamydomonas cells were grown in TAP
medium at NL80 and transferred to TAP-N- medium. (A) Pictures of cultures during nitrogen
starvation. (B) Changes in the Chl content during nitrogen starvation. Measurements from 3—-6
biological replicates (mean + SD) that were significantly different between day 7 and day 1 are

indicated (** P < 0.01, * P <0.05, Student’s t-test).

When the Chlamydomonas cells were transferred from N-plus to N-free medium, the
Chl content transiently increased during the first day. One of the possible reasons is
the Chl generation from precursor substance and then decrease for recycling N. After
four days of N-starvation, the Chl degradation rate slowed and ceased, which is
consistent with a previous study (Schelbert et al., 2009). Furthermore, The Chl
degradation rates in the Chlamydomonas WT and two sgr mutants showed a similar

tendency.
Chlamydomonas Chl degradation is more rapidly at photoautotrophic culture than
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mixotrophic culture under nitrogen deprivation conditions (Schulz-Raffelt et al.,
2016). N starvation at photoautotrophic culture condition was carried out. 5% CO»
was continuously supplying as a carbon source. Around 65 and 70~75% of the Chl
was degraded in the Chlamydomonas WT and the sgr mutants compared with the top
levels, respectively (Fig. 19). These two experiment results (Fig. 18, Fig. 19) suggest
that Chlamydomonas SGR (CrSGR) is not involved in Chl degradation.

Day 1

Day 4

WT  sgr-1 sgr-2

-
W

64.87 69.69 76.51
Decreased chlorophyll content (%)

Fig. 19. Chl degradation under N starvation in photoautotrophic conditions.
Chlamydomonas cells were grown in TAP media to logarithmic phase at NL80 and were
transferred to TP-N- media with 5% CO; continuous positive airway pressure. Pictures of

cultures during N starvation.

To investigate the change of related mRNA expression levels, qRT-PCR was carried
out (Fig. 20). The pigments degradation was regulated and controlled by a number of
genes, including NON-YELLOW COLORINGI1 (NYCI), pheophorbide a oxygenase
(PaO). The expression levels of these genes are up-regulated during leaf senescence

in the land plant (Sakuraba et al., 2007).
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Fig. 20. Gene expression during nitrogen starvation. Relative mRNA expression levels of
SGR, NYCI and PaO at the third day of nitrogen starvation. Measurements from 3-6
biological replicates (mean + SD) that were significantly different between TAP-N- and TAP-
N+ are indicated (** P < 0.01, Student’s t-test). # PaO is closely related to a vascular plant
PaOs, but it has not yet been enzymatically.

After three days of N starvation, the mRNA expression levels of both NYC/ and PaO
increased. However, the SGR mRNA expression level was reduced by N starvation.
This is different from Arabidopsis which SGR mRNA expression level is up-regulated
during Chl degradation (Sakuraba et al., 2012). These results indicate that

Chlamydomonas SGR is not associated with Chl degradation.

3. 13. Life Span of Arabidopsis sgr Triple Mutant.

It had previously been cleared that SGR could catalyze Chl a degrade to Pheo a,
which is a crucial and dispensable molecular in PSII reaction center, but whether
Arabidopsis SGR is involved in PSII formation is still unclear. Arabidopsis sgr triple
mutant is totally lacking sgr I, 2 and / genes, was constructed to elucidate the
physiological role of SGR. It is showed similar phenotype at a developmental stage
(Fig. 21) with WT, which implies the normal formed PSs regulates by another Pheo a
supply mechanism. At senescence stage, Arabidopsis sgr triple showed delayed Chl
degradation and stay green phenotype (Fig. 21). This is consistent with the function of
Arabidopsis SGR which is involved in Chl degradation.
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Fig. 21. Phenotypes of Arabidopsis sgr mutant during the life span. Arabidopsis plants
grown under NL80 at 25 °C. (A) Photograph of early developmental stage plants. (B)
Photograph of developmental stage plants. (C) Photograph of natural senescence stage plants.

3. 14. Fv/Fm Ratios of Arabidopsis sgr Triple Mutant.

To figure out the PSII activity in the different stages, the Fv/Fm ratio was measured.
Fv/Fm ratios (Fig. 22) at the developmental stage were similar in Arabidopsis WT and
sgr triple mutants, indicating that Arabidopsis SGR is not involved in PSII formation.
There must be another gene existed in Arabidopsis who involved in PSII formation
and/or Pheo a supplying. However, it is shown that reduced Fv/Fm ratios in
Arabidopsis sgr triple mutants at the senescence stage. This might be caused by the

photodamage because the remained Chl absorbs the excess light energy.
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Fig. 22. Fv/Fm ratios of Arabidopsis during the life span. Arabidopsis plants grown at
NL80 were measured after 10 min of dark acclimation. Measurements from 3 biological
replicates (mean + SD) that were significantly different from the WT are indicated (** P <

0.01, Student’s t-test).

3. 15. The Pigment Analysis of Arabidopsis.

To further examine the function of Arabidopsis SGR in Chl degradation during
senescence, the levels of major pigments were investigated. HPLC results confirmed
the results of Fig. 21, Arabidopsis WT and sgr triple mutant showed similar pigments
levels at the developmental stage but delayed pigment degradation after dark-induced
senescence in the detached leaves (Table. 4). At the developmental stage, higher Chl
level of Arabidopsis sgr triple mutant might be because of the higher accumulated Chl
by photosynthesis and retained Chl degradation speed by SGR lacking. And the
carotenes are slightly high in sgr triple mutants. Notably, the Pheo a level between
Arabidopsis WT and sgr triple mutant were similar, even the sgr mutant could not
degrade Chl a by SGR. This result implies another mechanism of Pheo a generation,
which is Arabidopsis SGR is not the only way to generate Pheo a to supplying for
PSII formation. After dark-induced senescence, Chl level of sgr triple mutant is
extremely conserved because of the blocked Chl degradation pathway. The same

phenotype was observed in the carotenes. These experiments indicate that Arabidopsis
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SGR plays a crucial role in Chl degradation, which is consisted of the previous

studies.

Table. 4 Pigments contents of Arabidopsis WT and sgr triple mutant.

Chla Chl b Pheo a Neo Viol
Name 2 2 2 2 2
(nmolecm ) (nmolcm ) (nmolcm ) (area cm ) (area cm )

Before WT  27.79+10.90  8.89+3.26 12.40+£5.40 3654.60+1371.97 3077.30+£1226.87

dark
Sgr
incubation .gl 32.48+5.71 9.51+1.73 12.40+5.40 3797.28+494.12 1398.36+615.61
triple
WT 2.8240.65 0.78+0.17 12.40+5.40 399.92+88.97 898.81+169.15
After dark

. . sor
incubation 58Ty 06455 2714125 18.08£5.48  2240.54£573.01  1832.53£715.19

triple

3. 16. PSII formation and the Pheo a Level.

PSII formation and the Pheo a/Chl ratios were significantly related in
Chlamydomonas. This is because the Chlamydomonas SGR supply Pheo a to PSII
formation. Arabidopsis SGR is involved in the Chl degradation by converting Chl a to
Pheo a (Shimoda et al., 2016) but not involved in the PSII formation (Fig. 22). The
Pheo a level of developmental stage Arabidopsis and sgr triple mutant are similar.
This phenotype could further support the hypothesis that PSII formation is affected by
Pheo a supply. Because of the abundant Pheo a supply, PSII formation could normally
be synthesized. At senescence stage, the Pheo a level of sgr triple mutant is higher
than WT. This is because Chl degradation in sgr triple mutant is blocked. The reduced
Chl degradation intermediates could not give enough signal to upregulate the whole
degradation procedure. This could further delay of Chl degradation to kept higher
pigments amount including Pheo a and retained membrane structure containing PSs

complex.

3. 17. The Immunoblotting Analysis of Arabidopsis Protein.

Fv/Fm ratio (Fig. 22) of Arabidopsis sgr triple mutants showed the standard Fv/Fm
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ratios at the developmental stage, which imply the unaffected PSII activity. To further
certify the role of Arabidopsis SGR in PSII formation, immunoblotting analysis were
performed to analyze the individual PSs proteins levels (Fig. 23). Arabidopsis WT and
sgr triple mutants showed similar levels of PSI, PSII and LHCII proteins, indicating
that Arabidopsis SGR is not functional to PSs formation.

WT  sgrtriple

D2
LHCII
2|

Fig. 23. Immunoblotting analysis of Arabidopsis. Arabidopsis plants were grown under
NL80, and photosynthetic proteins isolated from developmental stage plants leaves.
Membrane proteins containing 0.2 pug Chl (CP47, CP43, D1, PsaA/B) or 0.1 pug Chl (D2 and

LHCII) were used for analyzing.

3. 18. The BN-PAGE Analysis of Arabidopsis Protein.

To further investigate the PSII and PS SC complex levels and further verify the
function of Arabidopsis SGR, BN-PAGE analysis (Fig. 24) was performed. The result
showed that before dark incubation, the PSs protein levels in developmental stage WT
and sgr triple mutant were similar, which is consistent with Fv/Fm ratios (Fig. 22) and
immunoblotting analysis (Fig. 23) results. After 6 days dark incubation, proteins, and
pigments in PSs SC were sharply and almost all degraded in WT but slightly
remained in sgr triple mutant. It means the Arabidopsis SGR is involved in the PSs
protein-pigment complex degradation consistent with the previous report (Shimoda et

al., 2016).
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Fig. 24. BN-PAGE analysis of Arabidopsis. Arabidopsis plants were grown at NL8O,
detached leaves from developmental stage plants were sealed and dark incubated for 6 days,
and the PSs proteins were resolved to perform BN-PAGE.

3. 19. Complementation and Isolation of Arabidopsis CrSGR Lines.

CrSGR has the same catalytic properties (Matsuda et al., 2016) as Arabidopsis SGR
(AtSGR) 1 transiently expressed CrSGR induced Chl degradation in Arabidopsis. In
this study, CrSGR was constitutively expressed in an Arabidopsis sgr triple mutant
using 35S promoter (CrSGR-35S) or an Arabidopsis native promoter (which is 2 kbp
upstream of AtSGR1) (CrSGR-N).

Arabidopsis CrSGR complementation showed low germination rate, delayed growth
speed, paled leaves and easy death (data not shown). All these phenotypes were
caused by the CrSGR gene insertion. Basta spray screening results showed more than
half plants were death in T2, this result does not agree with Mendel’s law of
inheritance. The Arabidopsis CrSGR complementation lines plants showed the same
phenotype and remarkable death rate during plant development without basta spray.
From these results, it was expected that the complementation plants with high

expression CrSGR level were not survived. Therefore, the complementation plants
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with low expression CrSGR levels should be selected. Genomic PCR was performed
to further identify the Arabidopsis CrSGR-35S and CrSGR-N complementation lines.
The Arabidopsis CrSGR complementation lines are confirmed by genomic PCR (Fig.
25).
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Fig. 25. Genomic PCR of confirmation Arabidopsis CrSGR complementation lines. 35S

promoter plasmid was used the positive control.

3. 20. Chl Degradation Analysis of CrSGR Complementation Lines.

To investigate the catalytic properties of CrSGR, dark incubated senescence of
detached leaves was performed. The Arabidopsis sgr triple mutants exhibited the stay-
green phenotype, while the detached leaves of the WT turned yellow after 10 days
dark incubation. The detached leaves of Arabidopsis CrSGR-N and CrSGR-35S

complementation lines only slightly turned yellow after dark incubation (Fig. 26).

WT  sgrtriple CrSGR-N CrSGR-358

Before dark
incubation

10-day-dark
incubation

Fig. 26. Dark-induced senescent leaves of the Arabidopsis CrSGR complementation lines.

Three-week-old Arabidopsis detached leaves were incubated in the dark for 10 days.

Under natural senescence (Fig. 27), the Arabidopsis sgr triple mutants retained the
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stay-green phenotype, while the WT turned yellow at the senescence stage. CrSGR-N
and CrSGR-35S only slightly turned yellow as same as dark-induced senescence of

detached-leaves.
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Fig. 27. Dark-induced senescent plants of the Arabidopsis CrSGR complementation
lines.

All these experiments results indicate that CrSGR partly rescues the Arabidopsis sgr
phenotypes. The possible reason of the only partly rescued phenotype is the selection
strategy. On transiently expressed complementation lines screening, the high
expressed complementation lines were screened (Matsuda et al., 2016). Different from
the screening strategy of transient expression, only the lower expressed constitutively
complementation lines could be selected. The partly rescued phenotypes of
Arabidopsis CrSGR complementation lines are accepted. It appears that SGR is
associated with different physiological processes in Arabidopsis and Chlamydomonas,

despite having the same catalytic properties.
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4. Discussion
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4.1. Chlamydomonas Stay-Green (SGR) 1is Functional in
Photosystem (PS) II Formation by Supplying Pheophytin (Pheo) a.

Chlamydomonas sgr mutant isolation is based on the hypothetical function of SGR,
which is for PSII formation by supply Pheo a. Based on the previously report (Sirpid
et al., 2008; Zhang et al., 2010) that the possible mechanism for the low maximum
quantum efficiency of PSII (Fv/Fm) ratio is a defect in the assembly of PSII, the
Chlamydomonas sgr null mutants were successfully obtained by lower Fv/Fm ratios
screening and confirmed by genomic PCR (Fig. 4). Additionally, the Fv/Fm ratio of
Chlamydomonas sgr mutants under low light conditions (1 pmol photon m? s, LL1)
and normal light condition (80 pmol photons m? s, NL80) have high consistency,
which indicates the reduced Fv/Fm ratio in Chlamydomonas sgr mutants were not
caused by photodamage. Furthermore, all these Chlamydomonas lines showed
reduced Fv/Fm ratios (and never recovered in SL750 for sgr mutants) including WT
under high light conditions (250 pmol photons m™ s, HL250) (Fig. 5) and strong
light conditions (750 pumol photons m™? s!, SL750) (Fig. 6), which means the active

PSII in Chlamydomonas sgr mutants are weakened by SGR gene deletion.

The lower growth speed of the Chlamydomonas sgr mutant at photo mixotrophically
(Fig. 7) and photo autotrophically (Fig. 8) conditions means the restricted but existed
PS activity that is consistent with the Fv/Fm ratios (Fig. 5). The Fv/Fm ratio of
Chlamydomonas sgr mutant did not reach 0 at NL80O but remained almost half
without any already known sgr homologous genes, which means the active PSII
formation was not completely blocked but partly formed in the Chlamydomonas sgr
mutants (Fig. 5) by the unclear reasons. One of the possible reasons is there is a

second gene related to the PSII formation and Pheo a supplying.

Pheo a binds to D1 and D2 protein in the reaction center (RC) (Zabelin et al., 2014).
Although the D2 protein levels (Fig. 15) were less than 25% in Chlamydomonas sgr
mutants compared with WT, the Pheo a level (Fig. 9) were remained 60% of the wild
type (WT), suggesting that Pheo a is synthesized by other mechanisms or created by
Chl a degradation. This is consistent with the half remained Fv/Fm ratio in null sgr

mutant. The redundant Pheo a existing in the cell as free-Pheo a or Pheo a which
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binding to the pre-assembly PSII component, and it is not efficiently used for active
PSII formation. The Pheo a/Chl ratio determined using high-performance liquid
chromatography (HPLC) in this study is different from the value determined using an
optical method (Guenther et al., 1990), suggesting the accumulation of nonfunctional

Pheo a.

This hypothesis is supported by the Pheo a/Chl ratios of psbD mutant (Fig. 10) which
does not contain PSII (Erickson et al., 1986) is around 0.005-0.007, which has the
similar Pheo a level with the Chlamydomonas sgr mutant. The existence of the Pheo
a unbound to PSII could be one of the reasons for the discrepancy between D1 and

Pheo a content of the Chlamydomonas WT and sgr mutants.

4.2. Chlamydomonas SGR is Functional in PSII but not in PSI and
LHCII Formation.

Based on the partly remained PSII activity and the reduced Pheo a/Chl ratio of
Chlamydomonas sgr mutants, it was considered as reduced PSII level. More
experiments have been carried out to investigate the formation of PSs complex. Blue
native polyacrylamide gel electrophoresis (BN-PAGE) analysis (Fig. 12) showed the
reduced PSs SC levels of Chlamydomonas sgr mutant. This is further confirmed by
silver staining (Fig. 14) and low-temperature fluorescence of BN-PAGE bands (Fig.
13) and of whole cells (Fig. 16). Results showed that PSII levels are reduced but PSI
and LHCII remained. Immunoblotting analysis (Fig. 15) results showed the extremely
reduced PSII levels and its components (D1, D2, CP43, and CP47) levels in
Chlamydomonas sgr mutants. Based on these experiments, it is concluded
Chlamydomonas SGR is contributed to the formation of PSII but not to PSI and
LHCII formation.

Considering the similar Pheo a/Chl ratios (Fig. 9, Fig. 10) between Chlamydomonas
psbD mutants and sgr mutants, which means the PSII level of Chlamydomonas sgr
mutants is extremely low. This is proved by the partly remained PSII active (Fig. 5,
Fig. 7, Fig. 8) and weakly repaired PSII (Fig. 6) of Chlamydomonas sgr mutants.

These results showed that PSII formation was not completely blocked in the
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Chlamydomonas sgr mutants (Fig. 15), which means the Pheo a in the

Chlamydomonas sgr mutant could be formed by other mechanisms.

4.3. Pheo a Supply Strategy during PSII Formation and Repair.

PSII is the primary photon receptor and the electron donor for PSI. It is the major part
to be photodamaged in PSs. The PSII assembly and disassembly/repair are very
crucial processes that are regulated by many factors (Nickelsen and Rengstl, 2013;
Theis and Schroda, 2016). During these processes, the Pheo a pool was prepared in
the tissues of photosynthetic organisms, including the wasted Pheo a bound to the
damaged D1 and will be degraded during the degradation of D1. The new Pheo a was
produced for binding the new D1 proteins. The Pheo a pool of PSII deficient mutants
testify the Pheo a total content by Chl degradation (Fig. 10).

This Pheo a supply must be strictly regulated by some regulatory mechanism because
of the limited Pheo a would lead to reduced PSII level, and the excess Pheo a would

toxic to cells and Chl a waste. One of the ideas of how to maintain the stable Pheo a

supplying was the spontaneous response Pheo a by spontaneous Mg release from
Chl a under acidic conditions. Without question, maintaining this balance of Pheo a
supplying is difficult. There might be another regulatory mechanism not to be
illuminated yet. At the same time, the possibility of the second unidentified Mg-

dechelatase cannot be evacuated.

4.4. Chlamydomonas SGR was not Associated with Chl

Degradation.

The first step of Chl degradation is the conversion of Chl a to Pheo a by extracting
Mg from the center of Chl a (Hortensteiner, 2006). During leaf senescence, proteins
and Chl is degraded to recycle nutrient (Gregersen et al., 2008), the expression level
of Chl degradation related genes are up-regulated (Pruzinska et al., 2003). The sgr
mutants of various land plants have a delayed Chl-degradation phenotype (Cha et al.,
2002; Armstead et al., 2007b; Barry et al., 2008; Zhou et al., 2011).
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Similar to leaf senescence, the green algae cultured under nitrogen deprivation
conditions also showed proteins and Chl degradation phenotype (Schmollinger et al.,

2014). However, in this study, the Chl degradation rates in green algae

Chlamydomonas were not particularly different between the sgr mutants and the WT
(Fig. 18, Fig. 19). This result strongly supports the idea that Chlamydomonas SGR is
not functional in Chl degradation. Interestingly, unlike other Chl-degradation
enzymes, including pheophorbide a oxygenase (PaO) and Chl b reductase (NYC1)
(Fig. 20) (Kuai et al., 2018), SGR (Fig. 20) was not up-regulated during N starvation
since the Chl began to be degraded. This result suggests that SGR is not involved in
Chl degradation in Chlamydomonas.

However, it should be noted that the substrates of pheophytinase (PPH) (Chen et al.,
2016) and PaO in the Chl-degradation pathway are Pheo a and pheophorbide (Pheide)
a, respectively. These molecules have no central magnesium (Mg). Therefore, in
Chlamydomonas, the Mg molecules must have been removed before the reactions that
are catalyzed by PPH and PaO. This phenomenon could be explained by the existence
of a second Chl degrading Mg-dechelatase in Chlamydomonas.

4.5. Arabidopsis SGR is not Functional in PSII Formation but in Chl

Degradation.

The physiological functions of SGR have been extensively studied in vascular plants
(Bell et al., 2015; Yasuhito et al., 2015; Qian et al., 2016). Without exception, the
Arabidopsis sgr triple mutant had a strong stay-green phenotype (Fig. 21), which is
consistent with the fact that SGR catalyzes the first and committed step of Chl

degradation.

There are three SGR genes in the Arabidopsis genome: SGRI, SGR2, and SGRL
(Yasuhito et al., 2015; Shimoda et al., 2016). SGRI and SGR2 are expressed during
senescence, and the sgr//2 double mutant shows a strong stay-green phenotype (Wu
et al., 2016). These results indicate that SGR/ and SGR2 are responsible for Chl
degradation during senescence, which is consistent with the mRNA expression levels

during the life span of vascular plants (Balazadeh, 2014). By contrast, SGRL is
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primarily expressed in green tissues and is significantly down-regulated in leaves
undergoing natural and dark-induced senescence, which implies SGRL is not involved
in Chl degradation at the senescence stage. Additionally, all higher plants contain at
least one SGRL (Yasuhito et al., 2015), indicating that SGRL has essential functions in
green plants. SGRL is possibly involved in photoprotection (Bell et al., 2015) or
abiotic stress (Sakuraba et al., 2014) and Chl degradation (Rong et al., 2013).

Although the SGRL expression pattern suggests its involvement in PSII formation, the
PSII level and the Fv/Fm ratio of the Arabidopsis sgr triple mutant were the same as
those of the WT (Fig. 22). These results suggesting that Arabidopsis SGR is not
contributed to PSII formation which is different from Chlamydomonas SGR. The
functional differences of SGR in the green plant Arabidopsis and green algae

Chlamydomonas might be because of the evolutionary differences.

4.6. The Secondly Mg-dechelatase Possible Exists from

Cyanobacteria to Green Plants.

It should be noted that AtSGR1 (Shimoda et al., 2016) and CrSGR (Matsuda et al.,
2016) catalyze the same reaction that converts Chl a to Pheo a rather than converts
chlorophyllide (Chlide) a to Pheide a. Furthermore, CrSGR partly complemented the
Arabidopsis sgr triple mutants (Fig. 26, Fig. 27) and transiently expressed CrSGR in
Arabidopsis induced Chl degradation (Matsuda et al., 2016). These results indicate
that the enzymatic properties between AtSGR and CrSGR are identical, but the
physiological functions are different. One of the possible reasons for this difference is

other mechanisms such as the enzyme localization.

These results also suggest that another unidentified Mg-dechelatase possibly exist
both in Arabidopsis and Chlamydomonas. The Arabidopsis sgr triple mutant who
completely lacking sgr 1, 2, [, but the PSII could normally form. It is implying the
normal supplied Pheo a without Arabidopsis SGR. This could be explained by an
unknown Mg-dechelatase who could supply Pheo a to PSII formation. The
Chlamydomonas sgr mutant has half remained PSII activity with half amount Pheo a

supplying, and similar degraded Chl compared with WT. These results implying the
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second Mg-dechelatase who involve in Chl degradation to supplying Pheo a for PSII
formation. Photosynthetic organisms other than green plants which located at the
bottom of the evolutionary niche, such as red algae (Gardian et al., 2007) and
cyanobacteria (Watanabe et al., 2014), do not possess SGR, but still could degrade Chl
(Murakami et al., 2004; Vavilin and Vermaas, 2007) and form PSII (Kondo et al.,
2007; Neilson and Durnford, 2010; Heinz et al., 2016). Therefore, the possibility of
another unidentified Mg-dechelatase existence in red algae and cyanobacteria cannot
be excluded. It might be associated with PSII formation and Chl degradation just like
the first Mg-dechelatase (Rong et al., 2013; Yasuhito et al., 2015; Matsuda et al.,
2016; Shimoda et al., 2016). This unidentified Mg-dechelatase could also be a

candidate for the second Mg-dechelatase in green plants.

4.7. SGR Physiological Function is Different Between Arabidopsis

and Chlamydomonas.

All the data showed that the Arabidopsis SGR is involved in Chl degradation
(Shimoda et al., 2016), while the Chlamydomonas SGR participates in PSII formation.
It is mentioned that SGR protein binds to LHCII where the major Chl locate, to
execute the Chl degradation (Thomas and Ougham, 2014). In Arabidopsis, SGR and
NYCI are associated with Chl degradation in the core and peripheral antenna
complexes for Chl a and b degradation, respectively. The question arises as to why

Chlamydomonas SGR is not involved in Chl degradation.

Green plants are divided into two groups including chlorophytes and streptophytes
(Becker and Marin, 2009). Chlorophytes initially evolved in the deep sea (Leliaert et
al., 2011), and early branching chlorophytes have Chl b not only in the LHC but also
in the core antenna complexes (Kunugi et al., 2016). As shown previously, SGR does
not extract Mg from Chl o (Shimoda et al., 2016), suggesting that SGR cannot
efficiently degrade Chl in the core antenna complexes when they contain Chl b. This
assumption is consistent with the result that Arabidopsis transgenic plants with core
antennae containing Chl b have a stay-green phenotype that is indicative of delayed

Chl degradation (Sakuraba et al., 2012).
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Although Chlamydomonas does not have Chl b in its core antenna complexes, its
progenitor had Chl b, and our results imply that it would not have been able to use
SGR to degrade Chl. This characteristic is likely to have been inherited by
Chlamydomonas. By contrast, Chl b is not present in the core antenna complexes of
streptophytes, including Arabidopsis, and SGR can degrade all the Chl in the core
antennae, which might be one of the reasons why SGR has different physiological

functions between Arabidopsis and Chlamydomonas.
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