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Abstract: Chlorophylls (Chls, Chl a2 and Chl b) are tetrapyrrole molecules essential for photosynthetic
light harvesting and energy transduction in plants. Once formed, Chls are noncovalently bound
to photosynthetic proteins on the thylakoid membrane. In contrast, they are dismantled from
photosystems in response to environmental changes or developmental processes; thus, they undergo
interconversion, turnover, and degradation. In the last twenty years, fruitful research progress has
been achieved on these Chl metabolic processes. The discovery of new metabolic pathways has been
accompanied by the identification of enzymes associated with biochemical steps. This article reviews
recent progress in the analysis of the Chl cycle, turnover and degradation pathways and the involved
enzymes. In addition, open questions regarding these pathways that require further investigation are
also suggested.
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1. Introduction

Chlorophyll (Chl), the most abundant pigment existing in the photosynthetic system
of land plants and algae, is an indispensable pigment for absorbing light energy and
transferring electrons during photosynthesis. It is estimated that approximately 1.2 billion
tonnes of Chl is seasonally synthesised and degraded on earth every year [1]. The colour
change in leaves and fruits from green to yellow or red in autumn is the most conspicuous
impression of losing Chl. Nevertheless, Chl is a potential cellular phytotoxin, and excess Chl
and its derivatives must be rapidly degraded. Otherwise, cell death will occur via reactive
oxygen species (ROS) generated by excess Chl when Chl degradation is inhibited [2—4];
thus, Chl metabolism is strictly regulated during different phases of plant development. At
the same time, total Chl per leaf area is one of the factors that showed most responsiveness
to nutrient availability and different environmental stresses, highlighting the paramount
role of antenna size regulation in plant acclimation [5]. For example, Chl content increases
under salinity and seasonality, whereas it decreases under chilling, ozone and drought [6].
Plants contain Chl a and b, and the ratio of Chl a to b in the leaves is changeable to adapt
to variable light intensities to a certain degree. Chl a/b ratio could be an indicator of the
intensity of irradiation acclimation and the structure of the photosynthetic apparatus [6].
The interconversion system between Chl a and b refers to the Chl cycle. When photosystem
(PS) damage occurs during stress conditions, PSII repair and Chl turnover subsequently
occurs. A Chl turnover pathway is required for PSII repair and protection of young leaves
from photodamage [7]. During leaf senescence or fruit maturation, Chl degradation is the
major Chl metabolism direction. Chl and proteins are degraded and replaced, and movable
nutrients are released and rapidly transferred to developing organs to facilitate plant
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growth and development. Moreover, Chl degradation is an important survival strategy
for removing the phytotoxin pigments from chloroplasts and resistant to biotic and abiotic
stresses [8].

In recent decades, Chl metabolic pathways and the key enzymes in Chl metabolic flow
have been well established and identified. Chl biosynthesis is essential for photosynthesis,
and it has been well studied and reviewed by Qiu et al. [9]. However, uncovering the Chl
cycle, turnover and degradation pathway is a more recent research topic, and questions
remain. It is widely accepted that the identification of the structure of nonfluorescent Chl
catabolites (NCCs) is a hallmark study to break through the “biological enigma” existing
in the Chl degradation pathway [10]. Recent studies have shown that dioxobilin-type
nonfluorescent Chl catabolites (DNCCs), rather than NCCs, are the major degradation
products of Chl in some senescent leaves [11]. The cytochrome P450 monooxygenase
CYP89A9, which is localised outside chloroplasts, is responsible for the accumulation of
DNCCs in senescent Arabidopsis leaves [12]. More recently, three revolutionary discoveries
made great contributions to uncovering Chl turnover and degradation pathways. One
is that Mendel’s green cotyledon gene (SGR) encodes magnesium dechelatase, which is
responsible for extracting magnesium (Mg?*) from Chl a [13]. The second is a novel Chl
dephytylase gene called CLD1, which works to cleave the phytol chain from Chl a [14]. The
third is TRANSLOCON AT THE INNER CHLOROPLAST ENVELOPES5 (TIC55), which is
localised in the envelope and plays a role in phyllobilin hydroxylation [15]. Elucidation of
SGR and TIC55 completely integrates the missing linkage in the Chl breakdown pathways,
and the function of CLD1 provides neoteric insight into enzymatic activity during Chl
turnover [14]. Here, we review the new evolution of the Chl cycle, turnover and degrada-
tion pathways, including the biochemical steps, enzymes involved, regulatory mechanisms
and remaining questions.

2. Chl Cycle

In higher plants, Chl a exists in both core complexes and light harvesting complexes
(LHC), while Chl b exclusively exists in LHC [16]. Chl a is essential for the photochemistry,
while Chl b provides plants an advantage in harvesting a wider range of light because Chl
b has a strong absorption around 450 nm, which is a region of light that Chl a does not
efficiently absorb. Therefore, Chl b is highly significant in increasing harvesting of light [17].
Moreover, the biosynthesis and breakdown of Chl b is tightly linked with the construction
and destruction of LHC, which can be adjusted under various light conditions [18]. For
example, when high-light-grown plants are transferred to low-light conditions, the amount
of LHCII/ core complexes of the PSII ratio increases and more Chl b accumulates, indicating
an increment in the antenna size of PSII for harvesting more light for photosynthesis. On
the contrary, when low-light-grown plants are transferred to high-light conditions, the
amount of LHCII/core complexes of the PSII ratio decreases, and less Chl b accumulates.
Thus, it can reduce the photoinhibition of photosynthesis by excessive light. In addition,
PSI/PSII ratio is also regulated by Chl a2 and Chl b interconversion, revealed by the analysis
of Chl b deficient mutants [19]. Chl b-deficient wheat mutant lines had a lower content of
photo-oxidizable PSI and lower PSI/PSII ratio, which limits the photoprotection of PSI and
PSII in early growth stages [19,20]. Therefore, Chl b metabolism forms an essential part of
light acclimation mechanisms in plants.

In the Chl biosynthesis pathway, chlorophyllide (Chlide) a is the immediate precursor
of Chl a [21]. It has been proposed that Chlide 4 is also the immediate precursor of Chlide
b because Chlide a oxygenase (CAO) can catalyse Chlide a to Chlide b in vitro [22]. If
this pathway is true for Chl b biosynthesis, this suggests that Chlide b is subsequently
ligated with phytol side chains to form Chl b by the catalysis of Chl synthase (CHLG) [23].
Although CAO cannot react with Chl a in vitro, it has been proposed that CAO reacts with
Chl a in vivo. This is because Chl a did not react with CAO in the in vitro experiments
mentioned above due to its hydrophobic nature. Chl a binds to proteins in vivo to which
CAOQ is accessible. Thus, it is possible that CAO may be able to react with Chl a [9]. This
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hypothesis is supported by the discovery of the conversion of Chl a to Chl b when the de
novo synthesis of Chl was stopped under darkness [24,25]. Further studies are necessary to
clarify the pathway for Chl b biosynthesis from Chl a or Chlide a.

CAQO is the sole discovered enzyme that catalyses the conversion of Chl(ide) a to
Chl(ide) b [26]. CAO is a member of the Rieske nonheme iron oxygenase family and can
carry out two successive oxygenation reactions [22]. The regulation role of CAO has been
extensively studied. The amino acid sequence of CAO in higher plants consists of A-, B-
and C-domains, while only the conserved C-domain was found in the CAO of Prochlorothrix
hollandica, a cyanobacterium. The C-domain catalyses Chl b synthesis [27], the A-domain
is responsible for degrading excess CAO by combining with Clp proteases (ubiquitous
AAA+ family of ATPase caseinolytic proteases), and the B-domain is a linker between
the A- and C-domains [28]. When full-length CAO, including the A-, B- and C-domains,
was expressed, transgenic plants did not accumulate CAO protein as well as wild-type
plants, and the Chl b content was also similar to that in wild-type plants. Transgenic plants
expressing truncated CAO without the A-domain accumulated high levels of protein and
exhibited significantly high amounts of Chl b. This means that the A-domain is essential
to maintain a low level of CAO to avoid excess Chl b synthesis. The abundance of CAO
is regulated by negative feedback from Chl b [29]. The CAO mRNA level also correlates
with the Chl a/b ratio in wild-type Arabidopsis thaliana [30]. Illumination intensity affects
CAO mRNA abundance and the Chl a/b ratio [31]. When Arabidopsis was transferred from
low-light to high-light conditions, the CAO mRNA level decreased, which was associated
with an increase in the Chl a/b ratio. In contrast, the Chl a/b ratio decreased. These results
indicate that the transcriptional level of CAO partially controls the synthesis of Chl b in
light acclimation. A recent study showed that the expression of CAO can not only enlarge
the antenna size of the PS but also balance the energy transfer between PSI and PSII by
catalysing Chl b synthesis [32]. Defects in the PGL (pale green leaf) gene, which encodes
CAOQ in rice, exhibit premature senescence of leaves under both natural and dark-induced
conditions, enhance the accumulation of ROS and indirectly affect the rice grain yield [33].

Chl b to Chl a conversion also occurs in plants, especially during Chl degradation.
Arabidopsis has two isozymes of Chl b reductase (CBR), NON-YELLOW COLORING 1
(NYC1) and NYC1-like (NOL) [34,35]. Both of these enzymes are responsible for degrading
Chl b to seven-hydroxymethyl-Chl 2 (HMChl a) in the Chl cycle. The activities of NYC1
and NOL are different in rice and Arabidopsis. Mutants of nycl or nol in rice showed a
stay-green phenotype and high levels of retained Chl b and LHCII [34,36]. NYC1 and NOL
may form a complex that acts as a CBR, as suggested by the physical interaction of NYC1
and NOL in vitro. However, in Arabidopsis, degradation of Chl b is not significantly affected
by loss of NOL, implying that NYC1 is the main enzyme that regulates Chl b levels [35].
However, the peripheral antenna size of PS II in NOL-overexpressing plants was also
observed to be smaller than that in wild-type plants [37]. In addition to the effect on leaves,
CBR-lacking Arabidopsis mutants exhibit reduced seed longevity and germination because
a large amount of Chl is retained [38].

Seven-hydroxymethyl chlorophyll a reductase (HCAR) is demonstrated to be the
enzyme that catalyses the second step of Chl b to Chl a reduction: the conversion from
HMChl a to Chl 2 [39]. HCAR consists of a flavin adenine dinucleotide and an [4Fe-4S] iron-
sulfur centre as cofactors, and phylogenetic analysis revealed that the evolution of HCAR
was from divinyl Chlide vinyl reductase, an enzyme involved in Chl biosynthesis [39].
A mutant lacking HCAR was found to accumulate HMChl 4, and a surprising amount
of pheophorbide a (Pheide a, a Mg?*- and phytol-free intermediate of Chl a breakdown)
was found in dark-induced senescent intact plants. Neither HMChl 2 nor Pheide a was
detected in hcar-1/nycl/nol triple mutant plants after dark-induced senescence [39]. These
results suggest that the accumulation of Pheide a in the dark-induced senescent leaves
of hcar mutants requires the accumulation of HMChl a. Recently, dark-induced detached
leaves of HCAR knockout mutants were found to turn yellow as well [40]. In addition, the
natural senescence of these mutant plants showed no distinguishing senescent phenotype
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from that of wild-type plants. The results suggested that HCAR is not essential for leaf
senescence [40]. Another pathway may exist for Chl b degradation to bypass HCAR. For
example, HMChl g is directly degraded without being converted to Chl a.

CAO, NYC1/NOL, and HCAR regulate the balance of the Chl cycle by interconversion
between Chl a4 and Chl b, exhibiting a fluctuating Chl a/b ratio (Figure 1).
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Figure 1. Schemes of the enzymatic reactions in Chl cycle. Blue characters indicate the enzymes.

The Chl a/b ratio must be finely regulated to adapt to light conditions. Overexpressing
A-domain-deleted CAO causes Chl b overaccumulation and a much lower Chl a/b ratio,
which subsequently leads to the accumulation of NYC1 [41]. Chl b feedback to CAO and
feedback to NYC1 in the Chl cycle has been suggested to be an indispensable mechanism
for the monitoring and control of the light-harvesting apparatus.

3. Chl Turnover (Salvage Cycle)

Chl has also been considered to be turned over and transformed in green leaves, as
demonstrated by the pulse-chase isotope labelling of Chl in green leaves of several plant
species [14,42—44]. These labelling experiments also uncovered that Chl turnover mainly
affects Chl a. Chl turns over via de- and rephytylation in green plant organs is coupled to
the repair of damaged PSII [14] (Figure 2).
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Figure 2. Schemes of the enzymatic reactions in Chl turnover. Blue characters indicate the enzymes.

D1 protein is the PSII reaction center; however, it is unstable and is subject to damage
by irradiation and heat stress [45,46]. The damaged D1 should be degraded by proteases,
and a new D1 protein must be subsequently inserted into the partially disassembled PSII,
which is known as PSII repair [47,48]. There are three Chl 4, and one pheophytin a (Phetin a)
binds to each D1 protein; therefore, these pigments need be released from damaged D1
proteins before these D1 proteins are degraded, and they need bind to new D1 proteins
before these D1 proteins are inserted to PSII during PSII repair. In this process, Chl a
and Phetin a undergo turnover other than de novo biosynthesis, which is important for
repairing PSII immediately to respond to the rapid change of environment, such as light
and temperature.

Lin et al. reported a novel enzyme that can dephytylate Chl to produce Chlide, and
this enzyme was named Chl dephytylasel (CLD1) [14]. CLD1 is conserved in oxygenic pho-
tosynthetic organisms. It belongs to the o/ 3-hydrolase superfamily and shares structural
similarity with pheophytinase (PPH), another enzyme involved in Chl degradation during
leaf senescence [49]. CLD1 is predominantly expressed in green organs but not in the senes-
cent phase. A new version of CLD1, cld1-1-encoded enzyme, possesses significantly higher
activity than the wild-type enzyme [14]. The cld1-1 mutant and CLD1-overexpressing
seedlings proportionally accumulated Chlide derived from Chl dephytylation after heat
shock, which resulted in light-dependent cotyledon bleaching. Reducing CLD1 expression
diminished thermotolerance and the photochemical efficiency of PSII under prolonged
moderate heat stress [14]. Taken together with the observation that the increased or de-
creased activity of CLD1 never affects Chl breakdown in dark-induced senescent leaves,
CLD1 has been suggested to be the long-sought Chl dephytylation enzyme active during
Chl turnover at steady state [14]. Further study is required to demonstrate the mechanism
of CLD1 involved in dephytylation of Chl from D1 in the PSII repair cycle.



Cells 2021, 10, 3134

6 of 14

CHLG is an enzyme that rephytylates Chlide a to form Chl 4 under heat shock [23].
In this step, the substrate Chlide a is from de-esterified Chl a [14,23]. Under nonstress
conditions, chlg-1 mutant seedlings accumulated higher levels of Chlide 4, suggesting that
CHLG is also involved in Chl turnover under nonstress conditions. Interestingly, chig-1
mutant seedlings accumulated Chlide a but did not accumulate Chlide b after heat stress.
The results support previous findings that Chl turnover mainly affects Chl a [42,43]. Thus,
CLD1 and CHLG form a Chl salvage cycle for Chl turnover, and CLD1/CHLG in this cycle
should maintain dynamic equilibrium to avoid overaccumulation of Chlide a, which is a
phototoxic intermediate [14].

Recently, chlorophyllase 1 (CLH1), one isoform of the first identified enzyme that can
catalyse the dephytylation of Chl, was discovered to protect young leaves from long-term
photodamage by facilitating filamentous temperature-sensitive H protease (FtsH)-mediated
D1 degradation in PSII repair [7]. It is interesting that CLH1 is localised at the thylakoid
membrane of developing chloroplasts in young leaves, while it is localised outside the
developed chloroplasts in mature leaves [7,50,51]. Although both CLHs and CLD1 are
able to cleave the ester bond of Chls, the catalytic efficiency of CLHs is much higher than
that of CLD1 [7,52]. In addition, CLH is the only enzyme shown to dephytylate Phetins
in vitro [53]. Study on Phetins turnover is lacking. It is interesting to demonstrate that
whether Phetins undergo de- and rephytylation is coupled to the PSII repair cycle and
which enzymes catalyse these two reactions. It is uncertain why there are two enzymes,
CLHs and CLD1, function in the dephytylation of Chl during Chl turnover. One possibility
is that CLHs are required for Chl turnover only in developing chloroplasts, while CLD1
functions in all developmental stages of chloroplasts. This is because CLHs are not located
in mature chloroplasts of Arabidopsis leaves [7,50,51]. Another possibility is that these two
enzymes play roles in different conditions. For example, CLHs work under high light,
while CLD1 works under heat shock conditions. Further investigation is also needed
to determine whether enzyme(s) other than CHLG is(are) involved in Chl rephytylation
during Chl turnover in developing chloroplasts. Although Chl turnover is coupled to the
repair cycle of PSII, plants lacking CLD1 or CLHs did not show obvious phenotype under
normal growth conditions [23,50]. It is interesting to investigate the effect of lacking both
CLD1 and CLHs to the PS of plants.

4. Chl Degradation

Chl degradation is an important process in plant growth, usually indicating phys-
iological senescence of plants and occurring during different developmental phases or
under different biotic or abiotic stresses. The observed phenomenon of Chl degradation is
loss of green colour during leaf senescence and fruit ripening. Recently, Chl degradation
was demonstrated to occur in green leaves, although this possibility has been suggested
for a long time [54]. The requirement for Chl degradation is rationalised by the need to
detoxify Chl; thus, senescing cells can sustain viability in order to recycle nitrogen from
Chl-binding proteins [55]. In addition, it was suggested that targeting Chl degradation
could be a common defense strategy against pathogens and pests in plants [8,56].

The well-established Chl degradation pathway is the so-called Pheide a oxygenase
(PAO)/phyllobilin pathway (Figure 3).
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Figure 3. Schemes of the enzymatic reactions in Chl degradation. Arrows show metabolic reactions; Dotted arrows indicate

the proposed reactions that need further investigation; Blue characters indicate the enzymes.

The conversion of Chl a4 to Phetin a is the first step of Chl a degradation [57]. In this
step, Mg?* is removed from the centre of Chl a2 by magnesium dechelatase, which was
sought recently in Arabidopsis and encoded by Mendel’s green cotyledon gene SGR (Stay-
Green) [13,58]. Arabidopsis SGR family contains two clades: the SGR clade, including SGR1
(also named NYE1 in rice) and SGR2 (also named NYE2 in rice), and the SGR-like clade
(SGRL) [59]. Both SGR1 and SGR2 can catalyse the removal of Mg2+ from Chl a but exhibit
low or no activity against Chlide a; in contrast, SGRL has higher activity against Chlide
a [13]. However, none of these three enzymes could remove Mg?* from Chl b, implying
that Chl b cannot directly enter the Chl degradation pathway by Mg?* dechelation [13].
SGR1 plays a crucial role in Chl degradation, and plants lacking SGR1 show a strong
stay-green phenotype [60,61]. In contrast, conditional induction of SGR overexpression
accelerates green leaf loss [13]. The in vivo function of SGR2 is still disputed. It was reported
that SGR2 may play negative or positive regulatory roles in Chl degradation during leaf
senescence [62,63]. SGRL promotes Chl degradation in different plant species [64-67];
however, the mechanism needs further investigation.

SGR1 has been suggested to not only function in extracting Mg?* from Chl a but
may also directly interact with LHCII and be required for recruiting other Chl catabolic
enzymes to promote Chl degradation [68]. In contrast, plants lacking SGR1/NYE1 showed
a remarkable decrease in the catalytic activity of PAO, another key enzyme in the Chl
degradation pathway [61]. In addition, SGR1 can indirectly regulate Chl b degradation.
Inducing the expression of SGR has been shown to accelerate Chl b degradation by inducing
the accumulation of NYC1, which indicates that a positive feedback pathway exists during
Chl a degradation function in Chl b degradation [69]. This result is reasonable because
the Chl a/b ratio needs to maintain balance in the Chl cycle; when Chl a is accelerated
to degrade, the degradation of Chl b should be enhanced. Recently, it was found that
SGR has homologous genes in bacteria lacking Chl [70]. Among these homologues, the
Mg-dechelating activities are largely variable. A phylogenetic analysis suggests that a
bacterial SGR homologue with high dechelating activity was horizontally transferred
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to a photosynthetic eukaryote, and SGR acquired substrate specificity after transfer to
eukaryotes. Interestingly, a recent investigation showed that SGR is involved in the
formation of PSII but not in Chl degradation in Chlamydomonas reinhardtii [71].

In the next step, Phetin a is converted to Pheide 2 by removing the phytol chain. PPH
is the demonstrated Phetin-dephytylating enzyme during leaf senescence [49]. Similar to
CLH and CLD1, PPH is also a member of the &/ (-hydrolase superfamily, is located in
chloroplasts and never accepts Chl as its substrate. The pph-1 mutant of Arabidopsis exhibits
a type C stay-green phenotype that retains Chl, but senescence occurs without delay [72].
In addition, the chloroplast membrane and photosynthetic complexes in the pph-1 mutant
remained as the photosynthetic efficiency decreased [49]. In Solanum lycopersicum (tomato),
SIPPH-silenced lines were impaired in Chl degradation and accumulated Phetin a during
leaf senescence. However, their fruits were able to degrade Chl, similar to wild-type
plants [73]. PPH is the major phytol-hydrolytic enzyme during leaf senescence; however, it
is not the core hydrolase for Chl degradation during fruit ripening. It has been suggested
that CLHs or other unidentified plastid-localising hydrolases may be involved in Phetin
dephytylation during Chl degradation in ripening fruits and seed maturation [73].

The porphyrin macrocycle of Pheide a should be opened to produce an intermediary
product called red-coloured catabolite (RCC) in the next degradation step. This step is the
central reaction of Chl degradation, which is catalysed by PAO [74,75]. PAQO is a Rieske-type
iron-sulfur monooxygenase localised to the inner envelope of mature gerontoplasts. Plants
lacking PAO accumulate Pheide a and show light-independent and light-dependent cell
death [75,76]. It is easy to understand that pao knockout mutants showed light-dependent
cell death, which because the substrate of PAO, Pheide 4, is a powerful photosensitizer.
Pheide a overaccumulation would lead to the accumulation of ROS in chloroplasts under
illumination, which causes cell death [76]. On the other hand, the mechanism of light-
independent cell death occurring in darkness is still not identified. It was suggested that
Pheide a specifically inhibits the activity of channel proteins or other cellular components
that are essential for membrane integrity, or Pheide a functions as a signal molecule that
regulates cell death [76].

RCC is a presumably PAO-bound intermediate that is immediately reduced at the
C15/C16-double bond by red Chl catabolite reductase (RCCR) to form colourless primary
fluorescent Chl catabolites (pFCCs), which are detected by their distinctive blue fluores-
cence [77,78]. Depending on the species, two C16 stereoisomers, pFCC and epi-pFCC, are
formed [79,80]. For example, pFCC is formed in Arabidopsis, while epi-pFCC is formed
in Capsicum annuum (bell pepper) and tomato [81]. It was demonstrated in vitro that the
stereospecificity of Arabidopsis RCCR is defined by a single amino acid residue, Phey9 [82].

pFCCs are modified at several peripheral side positions during normal or species-
specific reactions to yield a species-specific set of modified FCCs. Hydroxylation at the
C32 ethyl side chain is commonly found in all species analysed [57,83]. This hydroxylation
has been demonstrated to occur in the senescent chloroplasts of Arabidopsis, and TIC55
is the enzyme that catalyses the hydroxylation of pFCC to produce hydroxy-pFCC [15].
TIC55 orthologues are phylogenetically distinct from PAO orthologues, and they are widely
distributed in higher plants. This indicates that phyllobilin hydroxylation likely appeared
with the evolution of land plants.

Both pFCC and hydroxy-pFCC are exported from chloroplasts by unidentified trans-
porters [57]. They are subsequently further modified in the cytoplasm. Most pFCCs and
hydroxy-pFCCs have been demonstrated to be oxidatively deformylated at the C5-formyl
group to produce primary dioxobilin-type fluorescent Chl catabolites (tDFCCs) in Arabidop-
sis [84]. This step is catalysed by a cytochrome P450 monooxygenase, CYP89A9, which is
located at the endoplasmic reticulum and functions as an FCC deformylase [12]. Catabolite
deformylation does not seem to occur in all plant species. For example, this does not occur
in Cercidiphyllum japonicum [85]. In addition, some FCCs may escape CYP89A9 in Arabidop-
sis. The escaped FCCs can be demethylated to produce O13*-demethyl FCCs, which are
catalysed by methylesterase family member 16 (MES16) [86]. Again, other species, such
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as C. japonicum and Nicotiana rustica, in which O13* demethylation has not been detected,
indicate that they lack an MES16 orthologue [87,88]. DFCCs can also be demethylated to
produce 0134-demethy1 DFCCs; however, further investigation is needed to determine
whether this reaction is catalysed by MES16.

Finally, FCCs and DFCCs are imported into the vacuole, and they are nonenzymically
isomerized to formyloxobilin-type NCCs and DNCCs respectively in an acidic environ-
ment [85]. They are the typical terminal products in higher plants [11,12,89]. Since NCCs
and DNCCs were reported for the first time [10,90], many different structures of these
two catabolites in different species and tissues have been continuously described [91-95].
Therefore, they are safety to plant cells, and their modification is not conserved and well
controlled.

Interestingly, based on the analysis of phyllobilin abundance in cereal and forage
crops, it was found that in most analysed grass species, only minor fractions of Chl
were recovered as phyllobilins, while phyllobilin quantities match degraded Chl well in
Arabidopsis [84]. The authors suggested that there is the possibility of Chl degradation
beyond the phyllobilin level in grass species. Therefore, other pathway(s) that bypass
phyllobilins require further research.

Taken together, we noticed that Chl degradation steps that occur in chloroplasts are
relatively conserved, while the steps occur outside of chloroplasts are relatively diversified
in plant species. Therefore, removing Chl and its derivatives from chloroplasts to avoid
generating too much ROS in chloroplasts should be crucial to plants, and must be well
regulated. Because of the same reason, it was hypothesized that stress-related Chl binding
polypeptides may function for transient storage of Chl and its derivatives that release from
Chl-protein complexes in membranes [96,97]. Once Chl and its derivatives have lost their
light-absorbing properties and have been transported out of chloroplasts, they are not able
to threat the survival of plants. Therefore, they are degraded through relative diversity
pathways, which are species-dependent. This opinion is also supported by the phenotypes
of mutant plants which lack the key enzymes respectively [12,34,61,75,86].

5. Summary and Open Questions

Until now, the Chl cycle, turnover and degradation pathways have been well estab-
lished in the model plant Arabidopsis, as shown in Figure 4.

In short, the interconversion system between Chl a and Chl b refers to the Chl cycle.
During PSII repair, Chls turn over by de- and rephytylation. The major Chl for turnover is
Chl a. Some Chlide 2 may not be rephytylated if environmental stresses are maintained,
and Chlide 4 may join Chl degradation pathways. The PAO/phyllobilin pathway is the
major Chl breakdown pathway. Chl is converted to pFCC through Chl b > HMChl a >
Chl a > Phetin a > Pheide a > RCC > pFCC; next, pFCC can be modified at different side
positions to produce FCCs and DFCCs, depending on the species. Based on the analysis
of an HCAR-knockout mutant, the leaf senescence phenotypes showed that Chl can be
degraded without HCAR, which implies that HMChl a can be degraded directly without
conversion to Chl a. Therefore, we infer that PAO catalyses HMPheide a to RCC. However,
further investigation is required to demonstrate this possibility. In addition, other key open
questions remain in this research field. First, what is/are the other pathway(s) that bypass
phyllobilins in grasses? Second, what is/are the enzyme(s) involved in dephytylation
during Chl degradation in ripening fruits and seed maturation? Third, does SGRL catalyse
Chlide a to Pheide a when plants encounter some stress conditions? Fourth, what are the
transporters responsible for translocating the intermediates across the organelle membrane?
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Figure 4. Updated model of the Chl cycle, turnover and degradation pathways in plants. The model shows the subcellular

localisation (bold black characters), representative intermediates (black characters) and enzymes (blue characters). Arrows

show metabolic pathways; dotted arrows indicate the proposed pathways that need further investigation.
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Abbreviations

CAO Chlorophyllide a oxygenase

CBR Chlorophyll b reductase

Chl Chlorophyll

CHLG  Chlorophyll synthase

Chlide  Chlorophyllide

CLD1 Chlorophyll dephytylasel

CLH Chlorophyllase

FtsH Filamentous temperature-sensitive H protease
HCAR  Seven-hydroxymethyl chlorophyll a reductase
HMChl  Seven-hydroxymethyl-chlorophyll

LHC Light-harvesting complex

MES16 ~ Member 16 of the methylesterase protein family
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NCCs Non-fluorescent chlorophyll catabolites
DNCCs  Dioxobilin-type nonfluorescent Chl catabolites
NOL NYCl1-like

NYC1 Non-yellow coloring1

PAO Pheophorbide a oxygenase

pDFCC  Primary dioxobilin-type fluorescent chlorophyll catabolite
pFCC Primary fluorescent chlorophyll catabolites
Pheide = Pheophorbide

Phetin ~ Pheophytin

PPH Pheophytinase

PS photosystem

RCC Red colored catabolite

RCCR Red chlorophyll catabolite reductase

ROS Reactive oxygen species

SGR Stay-green

SGRL SGR-like

TIC55 Translocon at the inner chloroplast envelope55

References

1.  Hendry, G.A.F; Houghton, ].D.; Brown, S.B. The degradation of chlorophyll-z biological enigma. New Phytol. 1987, 107, 255-302.
[CrossRef] [PubMed]

2. Roel, G.L.; Przybyla, D.; Ochsenbein, C.; Kim, C.; Danon, A.; Wagner, D.; Hideg, E.; Gobel, C.; Nater, M.; Apel, K;; et al. The release
stress responses after of distinct rapid induction of singlet oxygen in Arabidopsis. Plant Cell 2013, 15, 2320-2332. [CrossRef]

3. Mur, L.AJ,; Aubry, S.; Mondhe, M.; Kingston-Smith, A.; Gallagher, J.; Timms-Taravella, E.; James, C.; Papp, I.; Hortensteiner, S.;
Thomas, H.; et al. Accumulation of chlorophyll catabolites photosensitizes the hypersensitive response elicited by Pseudomonas
syringae in Arabidopsis. New Phytol. 2010, 188, 161-174. [CrossRef] [PubMed]

4.  Hortensteiner, S. Update on the biochemistry of chlorophyll breakdown. Plant Mol. Biol. 2013, 82, 505-517. [CrossRef]

5. Morosinotto, T.; Bassi, R. Assembly of light harvesting pigment—protein complexes in photosynthetic eukaryotes. In Photosyn-
thesis: Plastidbiology, Energy Conversion and Carbon Assimilation, Advances in Photosynthesis and Respiration; Springer: Dordrecht,
The Netherlands, 2012; pp. 113-126.

6.  Esteban, R.; Barrutia, O.; Artetxe, U.; Fernandez-Marin, B.; Hernandez, A.; Garcia-Plazaola, J.I. Internal and external factors
affecting photosynthetic pigment composition in plants: A meta-analytical approach. New Phytol. 2015, 206, 268-280. [CrossRef]

7. Tian,Y.; Zhong, R.; Wei, ].; Luo, H.; Eyal, Y,; Jin, H.; Wu, L.; Liang, K_; Li, Y.; Chen, S.; et al. Arabidopsis CHLOROPHYLLASE 1
protects young leaves from long-term photodamage by facilitating FtsH-mediated D1 degradation in photosystem II repair. Mol.
Plant 2021, 14, 1149-1167. [CrossRef]

8.  Hortensteiner, S.; Kréutler, B. Chlorophyll breakdown in higher plants. Biochim. Biophys. Acta Bioenerg. 2011, 1807, 977-988.
[CrossRef]

9.  Qiu, NW,; Jiang, D.C.; Wang, X.S.; Wang, B.S.; Zhou, F. Advances in the members and biosynthesis of chlorophyll family.
Photosynthetica 2019, 57, 974-984. [CrossRef]

10. Kréutler, B.; Jaun, B.; Matile, P; Bortlik, K.; Schellenberg, M. On the enigma of chlorophyll degradation: The constitution of a
secoporphinoid catabolite. Angew. Chem. Int. Ed. Engl. 1991, 30, 1315-1318. [CrossRef]

11.  Miiller, T.; Rafelsberger, M.; Vergeiner, C.; Krautler, B. A dioxobilane as product of a divergent path of chlorophyll breakdown in
Norway maple. Angew. Chem. Int. Ed. 2011, 50, 10724-10727. [CrossRef]

12.  Christ, B; Stissenbacher, I.; Moser, S.; Bichsel, N.; Egert, A.; Miiller, T.; Krautler, B.; Hortensteiner, S. Cytochrome P450 CYP89A9
is involved in the formation of major chlorophyll catabolites during leaf senescence in Arabidopsis. Plant Cell 2013, 25, 1868-1880.
[CrossRef]

13. Shimoda, Y.; Ito, H.; Tanaka, A. Arabidopsis STAY-GREEN, Mendel’s green cotyledon gene, encodes magnesium-dechelatase.
Plant Cell 2016, 28, 2147-2160. [CrossRef] [PubMed]

14. Lin, Y.-P; Wu, M.-C; Charng, Y. Identification of a chlorophyll dephytylase involved in chlorophyll turnover in Arabidopsis.
Plant Cell 2016, 28, 2974-2990. [CrossRef] [PubMed]

15. Hauenstein, M.; Christ, B.; Das, A.; Aubry, S.; Hortensteiner, S. A role for TIC55 as a hydroxylase of phyllobilins, the products of
chlorophyll breakdown during plant senescence. Plant Cell 2016, 28, 2510-2527. [CrossRef] [PubMed]

16. Green, B.R.; Durnford, D.G. Chlorophyll-carotenoid proteins of oxygenic photosynthesis. Annu. Rev. Plant Physiol. 1996, 47,
685-714. [CrossRef]

17.  Larkum, AW.D.; Ritchie, R.J.; Raven, J.A. Living off the Sun: Chlorophylls, bacteriochlorophylls and rhodopsins. Photosynthetica
2018, 56, 11-43. [CrossRef]

18. Tanaka, R.; Tanaka, A. Chlorophyll cycle regulates the construction and destruction of the light-harvesting complexes. Biochim.

Biophys. Acta Bioenerg. 2011, 1807, 968-976. [CrossRef]


http://doi.org/10.1111/j.1469-8137.1987.tb00181.x
http://www.ncbi.nlm.nih.gov/pubmed/33873847
http://doi.org/10.1105/tpc.014662
http://doi.org/10.1111/j.1469-8137.2010.03377.x
http://www.ncbi.nlm.nih.gov/pubmed/20704660
http://doi.org/10.1007/s11103-012-9940-z
http://doi.org/10.1111/nph.13186
http://doi.org/10.1016/j.molp.2021.04.006
http://doi.org/10.1016/j.bbabio.2010.12.007
http://doi.org/10.32615/ps.2019.116
http://doi.org/10.1002/anie.199113151
http://doi.org/10.1002/anie.201103934
http://doi.org/10.1105/tpc.113.112151
http://doi.org/10.1105/tpc.16.00428
http://www.ncbi.nlm.nih.gov/pubmed/27604697
http://doi.org/10.1105/tpc.16.00478
http://www.ncbi.nlm.nih.gov/pubmed/27920339
http://doi.org/10.1105/tpc.16.00630
http://www.ncbi.nlm.nih.gov/pubmed/27655840
http://doi.org/10.1146/annurev.arplant.47.1.685
http://doi.org/10.1007/s11099-018-0792-x
http://doi.org/10.1016/j.bbabio.2011.01.002

Cells 2021, 10, 3134 12 of 14

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Brestic, M.; Zivcak, M.; Kunderlikova, K.; Sytar, O.; Shao, H.; Kalaji, HM.; Allakhverdiev, S.I. Low PSI content limits the
photoprotection of PSI and PSII in early growth stages of chlorophyll b-deficient wheat mutant lines. Photosynth. Res. 2015, 125,
151-166. [CrossRef]

Brestic, M.; Zivcak, M.; Kunderlikova, K.; Allakhverdiev, S.I. High temperature specifically affects the photoprotective responses
of chlorophyll b-deficient wheat mutant lines. Photosynth. Res. 2016, 130, 251-266. [CrossRef]

Tanaka, R.; Tanaka, A. Tetrapyrrole biosynthesis in higher plants. Annu. Rev. Plant Biol. 2007, 58, 321-346. [CrossRef]

Oster, U.; Tanaka, R.; Tanaka, A.; Riidiger, W. Cloning and functional expression of the gene encoding the key enzyme for
chlorophyll b biosynthesis (CAO) from Arabidopsis thaliana. Plant ]. 2000, 21, 305-310. [CrossRef] [PubMed]

Lin, Y.P; Lee, T.Y.; Tanaka, A.; Charng, Y.Y. Analysis of an Arabidopsis heat-sensitive mutant reveals that chlorophyll synthase is
involved in reutilization of chlorophyllide during chlorophyll turnover. Plant J. 2014, 80, 14-26. [CrossRef] [PubMed]

Tanaka, A.; Tsuji, H. Changes in chlorophyll 2 and b content in dark-incubated cotyledons excised from illuminated seedlings:
The effect of calcium. Plant Physiol. 1981, 68, 567-570. [CrossRef] [PubMed]

Tanaka, A.; Tsuji, H. Calcium-induced formation of chlorophyll b and light-harvesting chlorophyll a/b-protein complex in
cucumber cotyledons in the dark. Biochim. Biophys. Acta (BBA)-Bioenerg. 1982, 680, 265-270. [CrossRef]

Tanaka, A.; Ito, H.; Tanaka, R.; Tanaka, N.K.; Yoshida, K.; Okada, K. Chlorophyll 2 oxygenase (CAO) is involved in chlorophyll b
formation from chlorophyll a. Proc. Natl. Acad. Sci. USA 1998, 95, 12719-12723. [CrossRef]

Nagata, N.; Satoh, S.; Tanaka, R.; Tanaka, A. Domain structures of chlorophyllide a2 oxygenase of green plants and Prochlorothrix
hollandica in relation to catalytic functions. Planta 2004, 218, 1019-1025. [CrossRef]

Nakagawara, E.; Sakuraba, Y.; Yamasato, A.; Tanaka, R.; Tanaka, A. Clp protease controls chlorophyll b synthesis by regulating
the level of chlorophyllide a oxygenase. Plant J. 2007, 49, 800-809. [CrossRef]

Yamasato, A.; Nagata, N.; Tanaka, R.; Tanaka, A. The N-terminal domain of chlorophyllide a oxygenase confers protein instability
in response to chlorophyll b accumulation in Arabidopsis. Plant Cell 2005, 17, 1585-1597. [CrossRef]

Harper, A.L.; Von Gesjen, S.E.; Linford, A.S.; Peterson, M.P,; Faircloth, R.S.; Thissen, M.M.; Brusslan, J.A. Chlorophyllide a
oxygenase mRNA and protein levels correlate with the chlorophyll a/b ratio in Arabidopsis thaliana. Photosynth. Res. 2004, 79,
149-159. [CrossRef]

Tanaka, R.; Tanaka, A. Effects of chlorophyllide a oxygenase overexpression on light acclimation in Arabidopsis thaliana. Photosynth.
Res. 2005, 85, 327-340. [CrossRef]

Jia, T,; Ito, H.; Tanaka, A. Simultaneous regulation of antenna size and photosystem I/II stoichiometry in Arabidopsis thaliana.
Planta 2016, 244, 1041-1053. [CrossRef]

Yang, Y,; Xu, J.; Huang, L.; Leng, Y.; Dai, L.; Rao, Y.; Chen, L.; Wang, Y.; Tu, Z.; Hu, J; et al. PGL, encoding chlorophyllide
a oxygenase 1, impacts leaf senescence and indirectly affects grain yield and quality in rice. J. Exp. Bot. 2016, 67, 1297-1310.
[CrossRef]

Kusaba, M.; Ito, H.; Morita, R.; Iida, S.; Sato, Y.; Fujimoto, M.; Kawasaki, S.; Tanaka, R.; Hirochika, H.; Nishimura, M.; et al. Rice
NON-YELLOW COLORINGT1 is involved in light-harvesting complex II and grana degradation during leaf senescence. Plant Cell
2007, 19, 1362-1375. [CrossRef] [PubMed]

Horie, Y,; Ito, H.; Kusaba, M.; Tanaka, R.; Tanaka, A. Participation of chlorophyll b reductase in the initial step of the degradation
of light-harvesting chlorophyll a/b-protein complexes in Arabidopsis. ]. Biol. Chem. 2009, 284, 17449-17456. [CrossRef] [PubMed]
Sato, Y.; Morita, R.; Katsuma, S.; Nishimura, M.; Tanaka, A.; Kusaba, M. Two short-chain dehydrogenase/reductases, NON-
YELLOW COLORING 1 and NYCI1-LIKE, are required for chlorophyll b and light-harvesting complex II degradation during
senescence in rice. Plant J. 2009, 57, 120-131. [CrossRef] [PubMed]

Jia, T.; Ito, H.; Tanaka, A. The chlorophyll b reductase NOL participates in regulating the antenna size of photosystem II in
Arabidopsis thaliana. Procedia Chem. 2015, 14, 422-427. [CrossRef]

Nakajima, S.; Ito, H.; Tanaka, R.; Tanaka, A. Chlorophyll b reductase plays an essential role in maturation and storability of
Arabidopsis seeds. Plant Physiol. 2012, 160, 261-273. [CrossRef]

Meguro, M.; Ito, H.; Takabayashi, A.; Tanaka, R.; Tanaka, A. Identification of the 7-hydroxymethyl chlorophyll 2 reductase of the
chlorophyll cycle in Arabidopsis. Plant Cell 2011, 23, 3442-3453. [CrossRef]

Hu, X;; Zeng, C.; Su, J.; Khan, I.; Zada, A. Overexpressing 7-hydroxymethyl chlorophyll a reductase alleviates non-programmed
cell death during dark-induced senescence in intact Arabidopsis plants. Biomolecules 2021, 11, 1143. [CrossRef]

Jia, T,; Ito, H.; Hu, X; Tanaka, A. Accumulation of the NON-YELLOW COLORING 1 protein of the chlorophyll cycle requires
chlorophyll b in Arabidopsis thaliana. Plant J. 2015, 81, 586-596. [CrossRef]

Beisel, K.G.; Jahnke, S.; Hofmann, D.; Képpchen, S.; Schurr, U.; Matsubara, S. Continuous turnover of carotenes and chlorophyll a
in mature leaves of Arabidopsis revealed by #CO, pulse-chase labeling. Plant Physiol. 2010, 152, 2188-2199. [CrossRef] [PubMed]
Feierabend, J.; Dehne, S. Fate of the porphyrin cofactors during the light-dependent turnover of catalase and of the photosystem
IT reaction-center protein D1 in mature rye leaves. Planta 1996, 198, 413—422. [CrossRef]

Perkins, J.; Roberts, D.W.A. On chlorophyll turnover in monocotyledons and dicotyledons. Can. J. Bot. 1963, 41, 221-226.
[CrossRef]

Aro, EM,; Virgin, I.; Andersson, B. Photoinhibition of Photosystem II. Inactivation, protein damage and turnover. BBA Bioenerg.
1993, 1143, 113-134. [CrossRef]


http://doi.org/10.1007/s11120-015-0093-1
http://doi.org/10.1007/s11120-016-0249-7
http://doi.org/10.1146/annurev.arplant.57.032905.105448
http://doi.org/10.1046/j.1365-313x.2000.00672.x
http://www.ncbi.nlm.nih.gov/pubmed/10758481
http://doi.org/10.1111/tpj.12611
http://www.ncbi.nlm.nih.gov/pubmed/25041167
http://doi.org/10.1104/pp.68.3.567
http://www.ncbi.nlm.nih.gov/pubmed/16661958
http://doi.org/10.1016/0005-2728(82)90138-4
http://doi.org/10.1073/pnas.95.21.12719
http://doi.org/10.1007/s00425-003-1181-6
http://doi.org/10.1111/j.1365-313X.2006.02996.x
http://doi.org/10.1105/tpc.105.031518
http://doi.org/10.1023/B:PRES.0000015375.40167.76
http://doi.org/10.1007/s11120-005-6807-z
http://doi.org/10.1007/s00425-016-2568-5
http://doi.org/10.1093/jxb/erv529
http://doi.org/10.1105/tpc.106.042911
http://www.ncbi.nlm.nih.gov/pubmed/17416733
http://doi.org/10.1074/jbc.M109.008912
http://www.ncbi.nlm.nih.gov/pubmed/19403948
http://doi.org/10.1111/j.1365-313X.2008.03670.x
http://www.ncbi.nlm.nih.gov/pubmed/18778405
http://doi.org/10.1016/j.proche.2015.03.057
http://doi.org/10.1104/pp.112.196881
http://doi.org/10.1105/tpc.111.089714
http://doi.org/10.3390/biom11081143
http://doi.org/10.1111/tpj.12753
http://doi.org/10.1104/pp.109.151647
http://www.ncbi.nlm.nih.gov/pubmed/20118270
http://doi.org/10.1007/BF00620058
http://doi.org/10.1139/b63-019
http://doi.org/10.1016/0005-2728(93)90134-2

Cells 2021, 10, 3134 13 of 14

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Marutani, Y.; Yamauchi, Y.; Kimura, Y.; Mizutani, M.; Sugimoto, Y. Damage to photosystem II due to heat stress without
light-driven electron flow: Involvement of enhanced introduction of reducing power into thylakoid membranes. Planta 2012, 236,
753-761. [CrossRef]

Edelman, M.; Mattoo, A.K. D1-protein dynamics in photosystem II: The lingering enigma. Photosynth. Res. 2008, 98, 609-620.
[CrossRef] [PubMed]

Komenda, J.; Sobotka, R.; Nixon, PJ. Assembling and maintaining the Photosystem II complex in chloroplasts and cyanobacteria.
Curr. Opin. Plant Biol. 2012, 15, 245-251. [CrossRef]

Schelbert, S.; Aubry, S.; Burla, B.; Agne, B.; Kessler, F.; Krupinska, K.; Hortensteiner, S. Pheophytin pheophorbide hydrolase
(pheophytinase) is involved in chlorophyll breakdown during leaf senescence in Arabidopsis. Plant Cell 2009, 21, 767-785.
[CrossRef]

Schenk, N.; Schelbert, S.; Kanwischer, M.; Goldschmidt, E.E.; Dérmann, P.; Hortensteiner, S. The chlorophyllases AtCLH1 and
AtCLH2 are not essential for senescence-related chlorophyll breakdown in Arabidopsis thaliana. FEBS Lett. 2007, 581, 5517-5525.
[CrossRef]

Hu, X.; Makita, S.; Schelbert, S.; Sano, S.; Ochiai, M.; Tsuchiya, T.; Hasegawa, S.F; Hortensteiner, S.; Tanaka, A.; Tanaka, R.
Reexamination of chlorophyllase function implies its involvement in defense against chewing herbivores. Plant Physiol. 2015, 167,
660-670. [CrossRef]

Tsuchiya, T.; Ohta, H.; Okawa, K.; Iwamatsu, A.; Shimada, H.; Masuda, T.; Takamiya, K. Cloning of chlorophyllase, the key
enzyme in chlorophyll degradation: Finding of a lipase motif and the induction by methyl jasmonate. Proc. Natl. Acad. Sci. USA
1999, 96, 15362-15367. [CrossRef] [PubMed]

Hortensteiner, S. The pathway of chlorophyll degradation: Catabolites, enzymes and pathway regulation. In Plastid Development
in Leaves during Growth and Senescence; Springer: Dordrecht, The Netherlands, 2013; pp. 363-392.

Stissenbacher, I.; Menghini, D.; Scherzer, G.; Salinger, K.; Erhart, T.; Moser, S.; Vergeiner, C.; Hortensteiner, S.; Krautler, B. Cryptic
chlorophyll breakdown in non-senescent green Arabidopsis thaliana leaves. Photosynth. Res. 2019, 142, 69-85. [CrossRef] [PubMed]
Dalling, M.]. Proteolytic enzymes and leaf senescence. In Plant Senescence: Its Biochemistry and Physiology; The American Society of
Plant Physiologists: Rockville, MD, USA, 1987; pp. 54-70.

Roberts, M.R.; Paul, N.D. Seduced by the dark side: Integrating molecular and ecological perspectives onfence against pests and
pathogens. New Phytol. 2006, 170, 677-699. [CrossRef]

Christ, B.; Hortensteiner, S. Mechanism and significance of chlorophyll breakdown. ]. Plant Growth Regul. 2014, 33, 4-20.
[CrossRef]

Matsuda, K.; Shimoda, Y.; Tanaka, A.; Ito, H. Chlorophyll a is a favorable substrate for Chlamydomonas Mg-dechelatase encoded
by STAY-GREEN. Plant Physiol. Biochem. 2016, 109, 365-373. [CrossRef] [PubMed]

Hortensteiner, S. Stay-green regulates chlorophyll and chlorophyll-binding protein degradation during senescence. Trends Plant
Sci. 2009, 14, 155-162. [CrossRef]

Sato, Y.; Morita, R.; Nishimura, M.; Yamaguchi, H.; Kusaba, M. Mendel’s green cotyledon gene encodes a positive regulator of the
chlorophyll-degrading pathway. Proc. Natl. Acad. Sci. USA 2007, 104, 14169-14174. [CrossRef]

Ren, G.; An, K,; Liao, Y.; Zhou, X,; Cao, Y.; Zhao, H.; Ge, X.; Kuai, B. Identification of a novel chloroplast protein AtNYE1
regulating chlorophyll degradation during leaf senescence in Arabidopsis. Plant Physiol. 2007, 144, 1429-1441. [CrossRef]
Sakuraba, Y.; Park, S.Y.; Kim, Y.S.; Wang, S.H.; Yoo, S.C.; Hortensteiner, S.; Paek, N.C. Arabidopsis STAY-GREEN2 is a negative
regulator of chlorophyll degradation during leaf senescence. Mol. Plant 2014, 7, 1288-1302. [CrossRef]

Wu, S.; Li, Z,; Yang, L.; Xie, Z.; Chen, ]J.; Zhang, W.; Liu, T.; Gao, S.; Gao, J.; Zhu, Y.; et al. NON-YELLOWING2 (NYE2), a close
paralog of NYEI, plays a positive role in chlorophyll degradation in Arabidopsis. Mol. Plant 2016, 9, 624-627. [CrossRef]

Rong, H.; Tang, Y.; Zhang, H.; Wu, P; Chen, Y.; Li, M.; Wu, G; Jiang, H. The Stay-Green Rice Like (SGRL) gene regulates chlorophyll
degradation in rice. J. Plant Physiol. 2013, 170, 1367-1373. [CrossRef] [PubMed]

Sakuraba, Y.; Kim, D.; Kim, Y.S.; Hortensteiner, S.; Paek, N.C. Arabidopsis STAYGREEN-LIKE (SGRL) promotes abiotic stress-
induced leaf yellowing during vegetative growth. FEBS Lett. 2014, 588, 3830-3837. [CrossRef] [PubMed]

Bell, A.; Moreau, C.; Chinoy, C.; Spanner, R.; Dalmais, M.; Le Signor, C.; Bendahmane, A.; Klenell, M.; Domoney, C. SGRL can
regulate chlorophyll metabolism and contributes to normal plant growth and development in Pisum sativum L. Plant Mol. Biol.
2015, 89, 539-558. [CrossRef]

Yang, M.; Zhu, S.; Jiao, B.; Duan, M.; Meng, Q.; Ma, N.; Lv, W. SISGRL, a tomato SGR-like protein, promotes chlorophyll
degradation downstream of the ABA signaling pathway. Plant Physiol. Biochem. 2020, 157, 316-327. [CrossRef] [PubMed]
Sakuraba, Y.; Schelbert, S.; Park, S.-Y.; Han, S.-H.; Lee, B.-D.; Andres, C.B.; Kessler, F.; Hortensteiner, S.; Paek, N.-C. STAY-GREEN
and chlorophyll catabolic enzymes interact at light-harvesting complex II for chlorophyll detoxification during leaf senescence in
Arabidopsis. Plant Cell 2012, 24, 507-518. [CrossRef]

Sato, T.; Shimoda, Y.; Matsuda, K.; Tanaka, A.; Ito, H. Mg-dechelation of chlorophyll a by Stay-Green activates chlorophyll b
degradation through expressing Non-Yellow Coloring 1 in Arabidopsis thaliana. . Plant Physiol. 2018, 222, 94-102. [CrossRef]
Obata, D.; Takabayashi, A.; Tanaka, R.; Tanaka, A.; Ito, H. Horizontal transfer of promiscuous activity from non-photosynthetic
bacteria contributed to evolution of chlorophyll degradation pathway. Mol. Biol. Evol. 2019, 36, 2830-2841. [CrossRef]

Chen, Y.; Shimoda, Y.; Yokono, M.; Ito, H.; Tanaka, A. Mg-dechelatase is involved in the formation of photosystem II but not in
chlorophyll degradation in Chlamydomonas reinhardtii. Plant ]. 2019, 97, 1022-1031. [CrossRef]


http://doi.org/10.1007/s00425-012-1647-5
http://doi.org/10.1007/s11120-008-9342-x
http://www.ncbi.nlm.nih.gov/pubmed/18709440
http://doi.org/10.1016/j.pbi.2012.01.017
http://doi.org/10.1105/tpc.108.064089
http://doi.org/10.1016/j.febslet.2007.10.060
http://doi.org/10.1104/pp.114.252023
http://doi.org/10.1073/pnas.96.26.15362
http://www.ncbi.nlm.nih.gov/pubmed/10611389
http://doi.org/10.1007/s11120-019-00649-2
http://www.ncbi.nlm.nih.gov/pubmed/31172355
http://doi.org/10.1111/j.1469-8137.2006.01707.x
http://doi.org/10.1007/s00344-013-9392-y
http://doi.org/10.1016/j.plaphy.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/27810676
http://doi.org/10.1016/j.tplants.2009.01.002
http://doi.org/10.1073/pnas.0705521104
http://doi.org/10.1104/pp.107.100172
http://doi.org/10.1093/mp/ssu045
http://doi.org/10.1016/j.molp.2015.12.016
http://doi.org/10.1016/j.jplph.2013.05.016
http://www.ncbi.nlm.nih.gov/pubmed/23816327
http://doi.org/10.1016/j.febslet.2014.09.018
http://www.ncbi.nlm.nih.gov/pubmed/25261252
http://doi.org/10.1007/s11103-015-0372-4
http://doi.org/10.1016/j.plaphy.2020.10.028
http://www.ncbi.nlm.nih.gov/pubmed/33166770
http://doi.org/10.1105/tpc.111.089474
http://doi.org/10.1016/j.jplph.2018.01.010
http://doi.org/10.1093/molbev/msz193
http://doi.org/10.1111/tpj.14174

Cells 2021, 10, 3134 14 of 14

72.
73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Thomas, H.; Howarth, C.J. Five ways to stay green. |. Exp. Bot. 2000, 51, 329-337. [CrossRef]

Christ, B.; Guyer, L.; Rossi, M.; Hortensteiner, S. Different mechanisms are responsible for chlorophyll dephytylation during fruit
ripening and leaf senescence in tomato. Plant Physiol. 2014, 166, 44-56. [CrossRef]

Matile, P.; Schellenberg, M. The cleavage of pheophorbide a is located in the envelope of barley gerontoplasts. Plant Physiol.
Biochem. 1996, 34, 55-59.

Pruzinska, A.; Tanner, G.; Anders, I.; Roca, M.; Hortensteiner, S. Chlorophyll breakdown: Pheophorbide a oxygenase is a
Rieske-type iron-sulfur protein, encoded by the accelerated cell death 1 gene. Proc. Natl. Acad. Sci. USA 2003, 100, 15259-15264.
[CrossRef] [PubMed]

Hirashima, M.; Tanaka, R.; Tanaka, A. Light-independent cell death induced by accumulation of pheophorbide a in Arabidopsis
thaliana. Plant Cell Physiol. 2009, 50, 719-729. [CrossRef]

Hortensteiner, S.; Krdutler, B. Chlorophyll breakdown in oilseed rape. Photosynth. Res. 2000, 64, 137-146. [CrossRef]

Wiithrich, K.L.; Bovet, L.; Hunziker, P.E.; Donnison, LS.; Hortensteiner, S. Molecular cloning, functional expression and
characterisation of RCC reductase involved in chlorophyll catabolism. Plant J. 2000, 21, 189-198. [CrossRef]

Miihlecker, W.; Ongania, K.-H.; Krautler, B.; Matile, P.; Hortensteiner, S. Tracking down chlorophyll breakdown in plants:
Elucidation of the constitution of a “fluorescent” chlorophyll catabolite. Angew. Chem. Int. Ed. Engl. 1997, 36, 401-404. [CrossRef]
Miihlecker, W.; Kréutler, B.; Moser, D.; Matile, P.; Hortensteiner, S. Breakdown of chlorophyll: A fluorescent chlorophyll catabolite
from sweet pepper (Capsicum annuum). Helv. Chim. Acta 2000, 83, 278-286. [CrossRef]

Hortensteiner, S.; Rodoni, S.; Schellenberg, M.; Vicentini, F.; Nandi, O.I.; Qui, Y.L.; Matile, P. Evolution of chlorophyll degradation:
The significance of RCC reductase. Plant Biol. 2000, 2, 63—67. [CrossRef]

Pruzinska, A.; Anders, I.; Aubry, S.; Schenk, N.; Tapernoux-Liithi, E.; Miiller, T.; Krautler, B.; Hortensteiner, S. In vivo participation
of red chlorophyll catabolite reductase in chlorophyll breakdown. Plant Cell 2007, 19, 369-387. [CrossRef]

Krautler, B. Phyllobilins-the abundant bilin-type tetrapyrrolic catabolites of the green plant pigment chlorophyll. Chem. Soc. Rev.
2014, 43, 6227-6238. [CrossRef]

Stissenbacher, I.; Hortensteiner, S.; Krautler, B. A dioxobilin-type fluorescent chlorophyll catabolite as a transient early intermediate
of the dioxobilin-branch of chlorophyll breakdown in Arabidopsis thaliana. Angew. Chem.-Int. Ed. 2015, 54, 13777-13781. [CrossRef]
[PubMed]

Oberhuber, M.; Berghold, J.; Breuker, K.; Hortensteiner, S.; Krautler, B. Breakdown of chlorophyll: A nonenzymatic reaction
accounts for the formation of the colorless “nonfluorescent” chlorophyll catabolites. Proc. Natl. Acad. Sci. USA 2003, 100,
6910-6915. [CrossRef] [PubMed]

Christ, B.; Schelbert, S.; Aubry, S.; Sussenbacher, I.; Muller, T.; Krautler, B.; Hortensteiner, S. MES16, a member of the methylesterase
protein family, specifically demethylates fluorescent chlorophyll catabolites during chlorophyll breakdown in Arabidopsis. Plant
Physiol. 2012, 158, 628-641. [CrossRef]

Curty, C.; Engel, N. Detection, isolation and structure elucidation of a chlorophyll a catabolite from autumnal senescent leaves of
Cercidiphyllum japonicum. Phytochemistry 1996, 42, 1531-1536. [CrossRef]

Berghold, J.; Eichmiiller, C.; Hortensteiner, S.; Krautler, B. Chlorophyll breakdown in tobacco: On the structure of two nonfluores-
cent chlorophyll catabolites. Chem. Biodivers. 2004, 1, 657-668. [CrossRef]

Krautler, B. Breakdown of chlorophyll in higher plants-phyllobilins as abundant, yet hardly visible signs of ripening, senescence,
and cell death. Angew. Chem.-Int. Ed. 2016, 55, 4882-4907. [CrossRef]

Losey, E.G.; Engel, N. Isolation and characterization of a urobilinogenoidic chlorophyll catabolite from Hordeum vulgare L. ]. Biol.
Chem. 2001, 276, 8643—-8647. [CrossRef]

Rios, ].J.; Roca, M.; Pérez-Galvez, A. Nonfluorescent chlorophyll catabolites in loquat fruits (Eriobotrya japonica Lindl.). J. Agric.
Food Chem. 2014, 62, 10576-10584. [CrossRef]

Roiser, M.H.; Miiller, T.; Krautler, B. Colorless chlorophyll catabolites in senescent florets of broccoli (Brassica oleracea var. italica).
J. Agric. Food Chem. 2015, 63, 1385-1392. [CrossRef]

Erhart, T.; Mittelberger, C.; Vergeiner, C.; Scherzer, G.; Holzner, B.; Robatscher, P.; Oberhuber, M.; Krautler, B. Chlorophyll
catabolites in senescent leaves of the plum tree (Prunus domestica). Chem. Biodivers. 2016, 13, 1441-1453. [CrossRef]

Das, A.; Christ, B.; Hortensteiner, S. Characterization of the pheophorbide a oxygenase/phyllobilin pathway of chlorophyll
breakdown in grasses. Planta 2018, 248, 875-892. [CrossRef] [PubMed]

Roca, M.; Pérez-Galvez, A. The profile of chlorophyll catabolites in senescent leaves of Epipremnun aureum includes a catabolite
esterified with hydroxytyrosol 1-O-glucoside. J. Nat. Prod. 2020, 83, 873-880. [CrossRef] [PubMed]

Heddad, M.; Adamska, I. The evolution of light stress proteins in photosynthetic organisms. Comp. Funct. Genom. 2002, 3,
504-510. [CrossRef] [PubMed]

Melkozernov, A.N.; Blankenship, R.E. Photosynthetic functions of chlorophylls. In Chlorophylls and Bacteriochlorophylls: Advances
in Photosynthesis and Respiration; Springer: Dordrecht, The Netherlands, 2006; Volume 25, pp. 397-412.


http://doi.org/10.1093/jexbot/51.suppl_1.329
http://doi.org/10.1104/pp.114.239541
http://doi.org/10.1073/pnas.2036571100
http://www.ncbi.nlm.nih.gov/pubmed/14657372
http://doi.org/10.1093/pcp/pcp035
http://doi.org/10.1023/A:1006456310193
http://doi.org/10.1046/j.1365-313x.2000.00667.x
http://doi.org/10.1002/anie.199704011
http://doi.org/10.1002/(SICI)1522-2675(20000119)83:1&lt;278::AID-HLCA278&gt;3.0.CO;2-2
http://doi.org/10.1055/s-2000-9149
http://doi.org/10.1105/tpc.106.044404
http://doi.org/10.1039/C4CS00079J
http://doi.org/10.1002/anie.201506299
http://www.ncbi.nlm.nih.gov/pubmed/26426977
http://doi.org/10.1073/pnas.1232207100
http://www.ncbi.nlm.nih.gov/pubmed/12777622
http://doi.org/10.1104/pp.111.188870
http://doi.org/10.1016/0031-9422(96)00155-0
http://doi.org/10.1002/cbdv.200490057
http://doi.org/10.1002/anie.201508928
http://doi.org/10.1074/jbc.M009288200
http://doi.org/10.1021/jf503619s
http://doi.org/10.1021/jf5055326
http://doi.org/10.1002/cbdv.201600181
http://doi.org/10.1007/s00425-018-2946-2
http://www.ncbi.nlm.nih.gov/pubmed/29951845
http://doi.org/10.1021/acs.jnatprod.9b00546
http://www.ncbi.nlm.nih.gov/pubmed/32134654
http://doi.org/10.1002/cfg.221
http://www.ncbi.nlm.nih.gov/pubmed/18629257

	Introduction 
	Chl Cycle 
	Chl Turnover (Salvage Cycle) 
	Chl Degradation 
	Summary and Open Questions 
	References

