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ABSTRACT

Exposure of plants to extreme environmental conditions greatly reduces their growth by increasing the concentration of reactive
oxygen species (ROS). The elevation in the ROS accumulation directly impacts the photosynthetic machinery of the plant. Among the
ROS, singlet oxygen ('0,) cannot be detoxified by any antioxidative enzyme-mediated reactions. Therefore, '0, is the major cause of
damage to plants during day time. Spraying plants with a chlorophyll precursor 5- aminolevulinic acid (ALA) increases the accumu-
lation of Chl biosynthetic intermediate protochlorophyllide (Pchlide) which acts as a photosensitizer. Upon light exposure of ALA-
treated plants, overaccumulated Pchlide in chloroplasts gets excited and transfer their absorbed energy to oxygen to generate '0, via
type-II photosensitization reaction. The '0, immediately damages thylakoid membranes and induces wilting in the whole plant. The
porC-2 mutant that lacks the photoenzyme protochlorophyllide oxidoreductase C (PORC) fail to photo-transform overaccumulated
Pchlide to Chlide upon light exposure therefore, leading to the excess generation of '0,. This leads to severe damage to photosynthetic
apparatus that destroys chlorophylls and the photosynthetic reactions as indicated from Chl a fluorescence imaging, reduced Fv/Fm
and Fv/Fo ratio, the quantum yield of PSII and electron transport rate. Conversely, plants overexpressing protochlorophyllide oxi-
doreductase C (PORCx) are capable of efficiently photo-converting photodynamic Pchlide to Chlide that reduces the '0, production in
ALA-treated and light-exposed plants. Reduced '0, produced in PORCx plants causes less damage to the photosynthetic machinery
and plants do not bleach. Results demonstrate the pivotal role of protochlorophyllide oxidoreductase C in the protection of plants
from '0,-induced oxidative stress during day time.
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INTRODUCTION

In a cell, metabolic reactions are tightly regulated to
minimize endogenous ROS production. Several antioxi-
dant enzymes and antioxidant molecules work in coor-
dination to regulate the redox status in plants. However,
this balance gets disrupted when plants are exposed to
extreme environmental conditions (Dat et al., 2000).
Excess light exposure over reduces the photochemical
electron transport chain, thereby reducing the overall
photosynthetic efficiency of the plant (Nishiyama et al.,
2001). Apart from chlorophyll molecules present in the
antenna and reaction center complex, the membrane-
bound chlorophyll (Chl) biosynthetic intermediates can
also absorb excess excitation energy and gets excited.
Since they are not directly connected to the reaction
centers, the energy absorbed by the intermediates can-
not be channeled to the photochemical reaction (Tripa-
thy, Mohapatra and Gupta, 2007). Instead, they return to
their ground state by transferring their energy to molec-
ular oxygen to give rise to '0, via type Il photosensi-
tization reaction (Foote, 1991; Montoya et al., 2005).
Accumulation of 'O, results into peroxidation of mem-
brane lipids (Triantaphylides et al., 2008), the irrevers-
ible oxidation of D1 proteins (Krieger-Liszkay, Fufezan
and Trebst, 2008) and gravely damages PS I and PS 1I
(Tripathy and Pattanayak, 2010). Experiments conducted
on chlorinal mutant (lack chlorophyll b) shows severe
phenotypic damage when exposed to light (Ramel et al.,
2013). In the absence of chlorophyll b, the photosystem
IT chlorophyll protein antenna complex becomes non-
functional and produces '0, at the natural site of their
production due to naked PS II centers. HPLC analysis of
enzymatic and nonenzymatic mediated lipid peroxida-
tion products such as octadecatrienoic hydroxyl acids
(HOTEs) increased when exposed to high light for 2 days
(Ramel et al., 2013; Yang et al., 2019).

Carotenoids are the natural quencher of singlet
oxygen, which are present in close abundance in
the antenna molecule to dissipate the excess energy
absorbed as heat (Baroli et al., 2000). However, in the
reaction center, the distance between the reaction center
and beta carotene molecule is too large to allow energy
transfer, therefore results in the formation of 102. (Laloi
and Havaux, 2015). The Chl biosynthetic intermediates
are bound to the plastidic membrane (Mohapatra and
Tripathy, 2007). The carotenoids present in the thylakoid
and envelope membranes are not in close proximity of
Chl biosynthetic intermediates. Therefore, carotenoids
fail to quench the 'O, from the excited states of Chl
biosynthetic tetrapyrroles and allow the production of
intermediate derived '0, in response to high light stress.
Instead, '0, oxidized carotenoid metabolites actively par-
ticipate in downstream regulation of gene expression in
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response to high light stress, (D’Alessasndro and Havaux
2019).

Application of tetrapyrrole precursor, ALA induce
accumulation of chlorophyll biosynthetic intermediate,
Pchlide (Tripathy and Chakraborty, 1991; Chakraborty
and Tripathy, 1992; Fujii et al., 2017). Its conversion into
nonphotodynamic intermediate is catalyzed by a light-
dependent enzyme, Protochlorophyllide oxidoreductase
(POR) which requires light and NADPH to reduce Pchlide
to Chlide at the C17 and C18 on the D ring (Armstrong
et al., 1995; Oosawa et al., 2000; Pattanayak and Tri-
pathy, 2002). The evolution of POR enzyme occurred
very early among oxygenic photosynthetic organisms
(Vedalankar and Tripathy 2019). External application
of ALA induces production of Pchlide which cannot be
converted into Chlide due to the limited supply of POR
in WT plants. In rice plants, two isoforms of POR are
present, in which POR A is expressed during early devel-
opment whereas, PORB is present throughout maturity
(Kwon et al., 2017).

In the model plant Arabidopsis thaliana, multiple
isoforms of POR enzyme exist, namely POR A, POR B,
and POR C (Armstrong et al., 1995; Reinbothe et al.,
1996; Oosawa et al., 2000; Su, Armstrong and Apel,
2001; Pattanayak and Tripathy, 2002). Among them,
POR C is highly expressed in response to light and is
chiefly present in the photosynthesizing tissues (Oosawa
et al., 2000; Masuda et al., 2003). Therefore, overexpres-
sion of POR C rapidly converts the accumulated Pch-
lide into Chlide and thereby reducing the possibility of
Pchlide derived '0, oxygen production (Pattanayak and
Tripathy, 2011). In contrast, POR C knock-down mutants
(porC-2) (Masuda et al., 2003) have a limited supply of
PORC. We have taken the mutant to modulate Pchlide
derived '0, generation in plants to ascertain the role of
PORC during oxidative stress. In the present study, WT,
PORC overexpressors (PORCx) (Pattanayak and Tripathy,
2011) and porC-2 mutants were used to modulate the
Pchlide sensitized '0, production to study its impact on
the photosynthetic efficiency of plants. We have demon-
strated the pivotal role of protochlorophyllide oxidore-
ductase C in the protection of plants from '0,-induced
oxidative stress in light.

MATERIALS AND METHODS

Plant material and growth conditions: Arabidopsis
seeds were soaked in double distilled water for 48h at
4°C for seed stratification. Seeds were sterilized with 4%
sodium hypochlorite solution and washed 5 times with
autoclaved double distilled water. The sterilized seeds
were plated on half-strength Murashige and Skoog
media (Sigma). After 12 days of plating, the seedlings
were transferred to autoclaved agropete and vermiculite
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potting mixture (6:1) and grown at 100 pmol photons
m2 s at 21°C under 14 h light/ 10 h dark photoperiod.

ALA treatment:1 mM aqueous ALA solution was
used to spray on three-week-old pot grown Arabidopsis
plants. Later, plants were covered with aluminum foil
and kept in the dark for 12 hours to accumulate Pchlide.
Control plants were sprayed with distilled water.

Light treatment: After 12 h of dark incubation, ALA-
treated and untreated plants were exposed to low light
(75 pmol photons m s7!) for different time intervals.

Imaging PAM: After completion of light treatment,
plants were again incubated in the dark for 20 min to
open all the reaction centers. Images were captured from
IMAGING PAM MAXI chlorophyll fluorometer (Walz,
Germany) and the fluorescence parameters were calcu-
lated from ImagingWin software (Walz, Germany). Chlo-
rophyll fluorescence parameters such as the maximum
quantum yield of PS II (Fv/Fm) was determined by the
equation Fv/Fm= (Fm-Fo )/Fm where Fo is the dark fluo-
rescence yield, Fm is the maximum fluorescence yield
and (Fm-Fo) is the variable fluorescence (Fr). Maximum
efficiency of the water diffusion reaction is analyzed
from the ratio of variable to minimum fluorescence yield
(Fv/Fo). Other parameters such as Electron transport rate
of photosystem II was calculated from the equation ETR
(Il = o PS 1T x PAR x 0.5 x 0.84 where o PS Il is effective
PSII quantum yield (calculated by (F’ -F)/ F’ =AF/ F’_
where F’ is referred as the maximum fluorescence yield
when the samples are illuminated, and F,is the fluores-
cence yield at any given time (t). PAR abbreviates for
photosynthetically active radiation, 0.5 is the factor of
the ratio of PS II and PS I (1:1), 0.84 is the value that
correlates with the percentage of incident photons are
absorbed by the leaf to drive photosynthesis. The non-
photochemical quenching of the maximum fluorescence

was calculated by (Fm- F'm)/ F’m. Quantum yield of
nonregulated energy dissipation Y(NO) is calculated by
the equation 1/(NPQ+1+qL (Fm/Fo-1)), where gL rep-
resents the fraction of reaction centers that are open
according to the lake model (Baker, 2008).

Overexpression of PORC protect plants from 5-Aminole-
vulinic acid (ALA) induced oxidative stress: WT, PORCx,
and porC-2 plants were grown under the low light
regime (100 pmol photons m™2s™). After three weeks,
plants were sprayed with 1 mM aqueous ALA solution
and covered with aluminum foil and kept in the dark for
12 h to allow phototransformation and were kept under
low light (75 pmol photons m2s™) for 1 or 2 h. Upon
exposure to light, due to the limited presence of POR
enzyme, plants failed to photo-transform overaccumu-
lated Pchlide to Chlide which resulted in the build-up of
excess Pchlide pool that acted as a photosensitizer. The
excess Pchlide absorbed a supra-optimal amount of light
that could not be transferred to the photosynthetic reac-
tion centers to synthesize reducing equivalents. Instead,
the absorbed light energy was transferred to molecu-
lar oxygen to generate 'O, via type Il photosensitiza-
tion reaction of tetrapyrroles (Tripathy and Chakraborty,
1991; Chakraborty and Tripathy, 1992).

The severity of '0 -induced damage to plants was
monitored by IMAGING PAM that measured Chl a flu-
orescence. Figure 1 shows false color images of chlo-
rophyll fluorescence at a time t (Ff), from WT, PORC
overexpressor, and its knock-down mutant porC-2
plants treated without and with 1 mM ALA. In ALA-
treated porC-2 mutants, the fluorescence was seen from
only a few partially green patches of bleached leaves.

wT
Control

?

1 h Fight

eXposure

ALA

2 h light
exXposure

PORCx

porC-2

FIGURE 1. Overexpression of PORC protect plants from 5-Ami-
nolevulinic acid (ALA) induced oxidative stress.
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The porC-2 mutant plants due to lack of PORC enzyme
were the most affected as they failed to photo-trans-
form overaccumulated Pchlide to Chlide. Under identical
conditions, the overexpressor plants had a lot of fluo-
rescence emanating from greener leaves whose images
were recorded by the fluorometer.

WT, PORC overexpressor and its knock-down mutant
(porC-2) plants of three week stage was sprayed with
1mM ALA or distilled water and kept in the dark for 12
h to accumulate photosensitizer Pchlide. Chlorophyll a
fluorescence images at time t (Ft) was imaged by using
Imaging-PAM (Walz, Germany) after 1 h and 2 h of light
exposure. The color code beneath the image depict val-
ues from O to 1.

Singlet oxygen accumulation decreases chlorophyll
fluorescence yield: External application of tetrapyr-
role precursor ALA to three-week-old WT, PORCx and
porC-2 plants induced oxidative stress when ALA-
treated dark incubated plants were exposed to low light
(75 pmol photons m?s'), i.e., lower than the intensity
at which they were grown (100 pmol photons m2s).
To understand if ALA-induced oxidative stress influence
the maximum PS II quantum yield in dark incubated
plants, the Fy/Fm ratio was analyzed in both control and
ALA-treated samples after 1 h and 2 h of light exposure
(Fig.2a). The Fv/Fm ratio of dark incubated ALA-treated
WT and porC-2 plants was reduced by 8% and 14% after
1 h of light treatment. Under identical conditions, the
Fv/Fm ratio of PORCx plants was unaffected. After 2 h
of light treatment, the Fv/Fm ratio declined by 14% in
WT, 20% in porC-2 and to a small extent (5%) in PORC
OVerexpressors.

To ascertain the intensity of damage caused by 'O,
to the oxygen evolution complex, the Fv/Fo ratio in
ALA-treated dark incubated plants was monitored upon
light exposure (Fig. 2b). The Fv/Fo ratio denotes the
activity of water splitting complex of PSII. Due to the
limited availability of PORC enzyme in porC-2 and WT
plants, the accumulation of Pchlide caused a burst in
'0, production that significantly damages the oxygen-
evolving complex. The maximum decrease in Fv/Fo ratio
was observed in porC-2 plants followed by WT whereas
PORCx plants had smaller impairment of photosynthetic
oxygen evolution machinery. The Fv/Fo ratio declined
by 23% and 18% after 2 h of light exposure in porC-2
and WT plants respectively. However, under identical
conditions, minimal damage was observed with respect
to the Fv/Fo ratio of PORCx plants.

To understand the effect of accumulated singlet oxy-
gen due to ALA treatment on the quantum yield of PS
II, the chlorophyll a fluorescence parameters were ana-
lyzed in ALA or distilled water treated dark incubated
WT, PORCx and porC-2 mutant plants after light expo-
sure. (a) the ratio of variable to maximum fluorescence
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(a)

FIGURE 2. Pchlide derived singlet oxygen decreases
chlorophyll fluorescence yield.

(Fv/Fm) represents the maximum photochemical effi-
ciency of PS II (b ) Fv/Fo denotes the relative activity of
water splitting complex on the donor side of PS II. Each
data point is the average of 5 replicates and error bars
represent +SE. Asterisks indicate significant differences
determined by t test (*P<0.05).

ALA-induced oxidative stress decreased the quan-
tum yield of PS II photochemistry and electron trans-
port rates: The impact of '0,-induced oxidative stress
on the overall photochemical quantum yield of PS 1I (o
PSII) was determined at 530 pmol photons m2s light
intensity using the equation described in materials and
methods. In ALA-treated dark incubated porC-2 plants,
the effective quantum yield of PS II decreased by 50.3%
within an hour of light exposure that later declines to
72.6 % after 2 h of light treatment (Fig.3a). In the WT
plants, the effective quantum yield decreases from 35%
and 63% due to 1h and 2h of light treatment respectively.
However, in the PORC overexpressors, the decline in o
PSII was 17 9% after 2 h of light exposure. The decrease
in the electron transport rate (ETR) of PS II measured at
530 pmol photons m2s! light intensity was determined
in control, and ALA-treated plants. ALA sprayed porC-
2, and WT plants, exposed to light 75 pmol photons m™
s! for 2 h had 50% and 35 % reduction in ETR respec-
tively (Fig. 3b). Under identical conditions, the ETR of
PORCx plants was declined by 17.41% after 2 h of light
exposure.
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FIGURE 3. Exogenous application of ALA
decreases quantum yield and electron transport
rates of porC-2 mutant.

Pulse amplitude modulated chlorophyll a fluores-
cence parameters were analyzed from ALA or distilled
water treated samples. (a) Quantum yield of photosystem
I (b) Electron transport rate of photosystem II was cal-
culated using Imaging Win Software. Each data point is
the average of 5 replicates and error bars represent +SE.
Asterisks indicate significant differences determined by
t test (*P<0.05, **P<0.01). Activation of heat dissipation
machinery in PORCx in response to 102-induced oxi-
dative stress: NPQ is an indicator of activation of heat
dissipation machinery in response to stress. Increased
NPQ in PORC overexpressor indicates the activation of
gradient-dependent heat dissipation machinery (Fig. 4a).
Whereas, in porC-2 and WT, the decrease in NPQ indi-
cate the absence of activation of the protective mecha-
nism. In the control conditions, the Y(NO), that denotes
quantum yield of energy dissipation in PS II, were simi-
lar in all the three types of plants (Fig. 4b). After ALA
treatment, the increase in Y(NO) in porC-2 and WT indi-
cates that both the processes of photochemical energy
conversion and protective regulatory mechanisms are
unable to cope up even with the low light (75 pmol pho-
tons m2s™!). Under identical conditions in PORCx plants,
the decrease in the Y(NO) indicates that due to excess of
PORC enzyme, the Y(NO) remained unaffected after 2 h
of light exposure.
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FIGURE 4. Activation of heat dissipation
machinery in PORCx in response to ALA-
induced oxidative stress.

Pulse amplitude modulated Chlorophyll a fluores-
cence parameters in ALA and distilled water treated
samples were determined by Imaging PAM. (a) Non pho-
tochemical quenching (NPQ) (b) Quantum yield of non
regulated energy dissipation in PS II. Each data point is
the average of 5 replicates and error bars represent +SE.
Asterisks indicate significant differences determined
by t test (*P<0.05). In a plant cell, 'O, is produced as
a byproduct of cellular metabolic function. The limited
amount of '0, can be easily quenched by carotenoids
(Ramel et al., 2012). However, when plants are exposed
to photooxidative conditions, the balance between 'O,
productions and quenching gets perturbed, resulting in
an elevation in '0, level. The accumulation of 'O, not
only oxidizes several biomolecules but severely impact
the metabolic processes (Tripathy and Pattanayak, 2010).
In plants, chloroplasts are the major source of '0, gener-
ation as the tetrapyrroles that act as photosensitizers are
exclusively located in the organelle (Chakraborty and
Tripathy, 1992; Triantaphylides et al., 2008; Ambastha
et al., 2017).

ALA is the precursor of tetrapyrroles such as chloro-
phyll, haem, and phycobilins. In the dark, the accumula-
tion of Pchlide modulates ALA synthesis by a feedback
mechanism. Regulation of ALA synthesis is essential
to prevent the accumulation of photodynamic chloro-
phyll metabolic intermediates. This enables plants to
evade photooxidative stress (Rebeiz et al., 1988; Tripa-
thy and Chakraborty, 1991; Chakraborty and Tripathy,
1992). Unlike other isoforms of POR, which are promi-
nently present in the etiolated seedlings, PORC expres-
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sion is present throughout the leaf development and it
increases in response to high light. In PORCx plants, the
rapid conversion of Pchlide to Chlide takes place due to
maximum availability of PORC enzyme (Pattanayak and
Tripathy, 2002, Pattanayak and Tripathy, 2011). Chlide
produced as a result of phototransformation is imme-
diately converted into chlorophyll that associates itself
to the chlorophyll binding proteins present in the thy-
lakoid membranes and transfers the absorbed energy to
the reaction centers to drive photosynthetic reactions.

To understand the effect of Pchlide derived 'O, on
the photosynthetic machinery of plants, their chloro-
phyll fluorescence parameters were studied by IMAG-
ING-PAM (Kandoi et al., 2016). The energy absorbed
by Chl can be utilized through either one of the three
processes. Most primarily, the energy absorbed by the
Chl molecule is directed to initiate the photochemical
reactions. Secondly, the absorbed energy is dissipated
in the form of heat, and third, the excited Chl molecules
return to the ground state by fluorescence. These are
three competing processes. Analysis of modulated chlo-
rophyll fluorescence in response to different light pulses
provide valuable information regarding the photosystem
II activity in a quick and non-invasive manner. The ratio
of variable to maximal fluorescence (Fv/Fm) indicates
the health status of dark-adapted plants. Under control
conditions, a dark-adapted, healthy and non-stressed
plant emits maximum fluorescence (Fm) after illumi-
nated with a short pulse of saturating light Therefore the
ratio of variable to maximum fluorescence was closer to
0.78 in non-stressed leaves, which is an effective param-
eter to study the maximal quantum efficiency of PS II
(Bjorkman and Demmig, 1987). Similarly, under stress, a
decline in the light-adapted maximal fluorescence (F’ )
indicates the release of the absorbed energy as heat due
to activation of nonphotochemical quenching (NPQ).
Likewise, other parameters of chlorophyll a fluorescence
can be interpreted to obtain information regarding the
quantum yield and PSII-dependent electron transport
rate.

In this study, we have observed that plants over-
expressing PORC enzyme were capable of tolerating
ALA-induced oxidative stress. The porC-2 mutant has
T-DNA inserted in the 4™ exon of PORC gene (Masuda et
al., 2003). The unavailability of PORC enzyme reduces
efficient phototransformation of Pchlide to Chlide.
The nontransformed Pchlide upon receiving light gets
excited like a Chl molecule and returns to the ground
state by generating singlet oxygen via type-II photosen-
sitization process of Pchlide (Tripathy and Chakraborty,
1991; Chakraborty and Tripathy, 1992). Further, spray-
ing porC-2 plants with ALA increases the accumulation
of Pchlide and Pchlide derived 'O, Therefore, maximum
damage to the photosynthetic machinery was observed
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in the porC-2 mutant.Enhanced level of 'O, can reduce
photosynthetic efficiency by oxidizing structural and
functional proteins associated with the PS II. During
electron transport across the PS II, D1/D2 heterodimer
constitutes the core of reaction center. D1 protein par-
ticipates in the charge separation and electron transfer
events during the electron transport. Production of 'O,
in the plastidic membrane due to the accumulation of
membrane-bound Chl biosynthetic intermediates (Pch-
lide) can easily target D1 protein. When the oxidative
damage caused by 'O, increase beyond the D1 repair
machinery, impairment in the reduction of P680 directly
influences the electron transport rate and quantum yield
of PS II (Edelman and Mattoo, 2008).

The increased production of 'O, in porC-2 mutant
bleached substantial amounts of Chls leaving a few
green patches in the leaves. The fluorescence was emit-
ted only from a few green patches that were not severely
bleached. The WT plants using its endogenous POR
could photo transform some of the Pchlide to Chlide,
resulting in lower Pchlide accumulation than porC-2
mutant. Therefore, WT had lesser bleaching of leaves
due to reduced generation of '0, than porC-2 mutants,
and consequently, the fluorescence was emitted from a
higher number of green leaves. The fluorescence imag-
ing clearly reveals that the PORCx plants were protected
from photooxidative damage having fluorescence emis-
sion from a large number of leaves due to the minimal
generation of '0, in light.

The Fv/Fm ratio, a measure of the quantum efficiency
of PSII, in dark-adapted leaves, declined in WT and
porC-2 plants. The PORCx plants always had higher Fv/
Fm ratio than that of the WT and porC-2 plants. In the
same vein, the Fv/Fo that measures the oxygen-evolving
activity in the oxidizing side of PSII implies the activ-
ity of water splitting complex, which is very sensitive
to redox changes, was lower in light exposed porC-2
plants. It was due to '0,-induced impairment of oxygen-
evolving complex associated with PSII. Similarly, the
quantum yield of PSII and the estimated PSII-depend-
ent ETR were higher in PORCx plants due to reduced
oxidative damage to the oxygen-evolving complex.
Conversely, the heat dissipation of absorbed photons
measured as NPQ and quantum yield of non regulated
energy dissipation Y (NO) (Genty, Briantais and Baker,
1989) was higher porC-2 mutants exposed to light. Pre-
sent results demonstrate the important role of protochlo-
rophyllide oxidoreductase C in the protection of plants
from 102-induced oxidative damage in light.
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