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Continuous light can be used as a tool to understand the diurnal rhythm of plants and it can also be used to
increase the plant production. In the present research, we aimed to investigate the photosynthetic performance of
V. radiata under continuous light as compared with the plants grown under normal light duration. Chlorophyll a
fluorescence transient (OJIP test) technique was used to understand the effect on various stages of photosynthesis
and their consequences under continuous light condition. Various Chl a Fluorescence kinetic parameters such as
Specific energy fluxes (per Qa-reducing PSII reaction center (RC)) (ABS /RC; TR¢/RC; ETy/RC; DIy/RC),

phenomenological fluxes, leaf model, (ABS/CSm; TR/CSm; ETo/CSm), Quantum yields and efficiencies (¢Po;
¢Eo; Po) and Performance index (Pl,ps) was extracted and analysed in our investigation. Conclusively, our study
has revealed that continuous light alters the photosynthetic performance of V. radiata at a different point but also

improve plant productivity.

1. Introduction

The plant interacts with various abiotic factors in their life cycle,
among them light is also an important factor. The energy embedded in
photon perceived by chlorophyll and converted into energy molecules
ATP and NADPH. This energy consumed in fixation of COy and syn-
thesize photosynthetic assimilate. Apart from, the light also up-regulates
various processes such as seed germination, seedling development, plant
growth, biomass production, flowering, reproduction, and circadian
rhythms [1]. Nowadays, use of artificial light is enhanced in the
greenhouse, plant factories and glasshouse to improve the crop pro-
duction at the commercial scale to meet the demands of the growing
population [2]. To achieve high production plant growers are using the
different type of light based on their quality, quantity and duration.
Extension of light period to 24 h light periods (continuous light) is also
in trend for crop improvement [3]. In northern countries, supplemen-
tary artificial light is used in the greenhouse to gain higher production
[4]. Velez-Ramirez et al. (2011) reported that cultivation of tomato
under continuous light is more beneficial for production [5].

The circadian rhythm regulates the plant physiological processes by
sensing the length of day/night periods. Nowadays, an extension of light
period by using supplement lighting is a common method for the plant
breeder to improve crop yield. However, plants respond in different
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ways to this increased photoperiod. Demers et al. (2002) reported that
the continuous light can hasten the flowering in tomato initially but later
on no change during 14 h and 24 h photoperiod [6]. In Ficus benjamina
the dry weight progressively due to the lack of diurnal rhythm in
photosynthesis under continuous light with increasing lighting periods
at 16, 20 and 24 h/day [7]. It has been reported that in Brassica rapa L
continuous light increases chlorophyll content [8], while in some plants
such as soybean, wheat, barley, millet, pea, alfalfa, sunflower, kale etc
have no chlorosis effect [9]. The negative effect of continuous light re-
ported in the form of leaf injury in onion [10], cucumber [11]. In tomato
species (Solanum lycopersicum) grown under continuous light with con-
stant temperature decrease in the rate of photosynthesis and the
maximum quantum efficiency of photosystem II (PSII) were found [5,
12]. Dorais 1992 found that continuous light causes a reduction in the
size and increased activity of PSII in pepper plants [13].

Chlorophyll fluorescence parameters are important tools to study the
effects of different environmental stresses on photosynthesis [14]. It is
one of the important methods to analyses the role of PSII and its response
towards changes in the environment and growth conditions [15,16]. The
Plabs and Fv/Fo are sensitive parameters related to PSII related damage
and efficiency. As the above-mentioned fluorescence parameters, the
effects of continuous light conditions on primary photochemistry of PSII
of Vigna radiata and fate of dark reactions are also clearly reflected by
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chlorophyll fluorescence parameters. However, relevant research has
not been reported yet. In the present study, the aim is to analyse the
chlorophyll fluorescence characteristics of Vigna radiata grown under
continuous light conditions, an effort is proposed to known about the
effects of continuous light on photosystem efficiency.

2. Material and method
2.1. Collection of plant material and growth condition

The seeds of the Vigna radiata were collected from the MPUAT
Udaipur. Before the experiment seeds were disinfected by immersing in
1% (v/v) NaClO for 3-5 min, then washed thrice with double distilled
water. The seeds were grown in pots (12 x 36cm) and labelled 12 h and
24 h artificial light treatment (Figs. 1 and 2a). Both plants were grown
under artificial light (maximum photosynthetically active radiation
(PAR) 1800 pmol photons m™ 2 s’l) for 12 h and 24 h of light period
respectively and maintain the relative humidity 50-60% and tempera-
ture at 28 £+ 2 °C.

2.2. Chlorophyll fluorescence measurement

Chlorophyll a fluorescence was measured using plant efficiency
analyser (Handy PEA fluorimeter, Hansatech instruments Ltd. England)
after 10 days of seedling emergence on the middle region of mature
leaves. Before measurement mung seedling was dark-adapted for 50-60
min at 26 °C. Thereafter, Chl a fluorescence signals were analysed with
the Biolyzer v.3.0.6 software (developed by Laboratory of Bioenergetics,
University of Geneva, Switzerland). Appropriate numbers of replicates
were taken and the experiment was repeated three times to ensure the
results. Abbreviations, formulas, and definitions of the JIP-test
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Fig. 2. (a) Effect of continuous light and morphological differences on
V. radiata. and (b) effect on leaf size of V. radiata.

parameters used in the current study are presented in Table 1, [17,18].
3. Results and discussion

After emerging from seeds seedling has to start photosynthesis. In the
natural environment, many abiotic and biotic factors affect the process
of photosynthesis. The photosystem photochemistry is mostly affected
by these factors. Plants have different mechanisms to manage with
different environmental conditions by changes in photosystem II appa-
ratus (Fig. 3). In our study effect of continuous light on V. radiata plant is
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Fig. 1. (a) Schematic presentation of experiment design and effect of on V. radiata.
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Table 1

Abbreviations, formulas, and definitions of the JIP-test parameters used in the
current study (Strasser et al., 2000, 2004).

Technical
fluorescence
parameter

Formulas

Definitions

Data extracted from the recorded fluorescence transient O-J-I-P

tem Time (in ms) to reach the maximal
fluorescence intensity FM

Area total complementary area
between the fluorescence
induction curve and F = FM

Fo 2 Fsopus OF 2 Faops minimal fluorescence (all PSII RCs
are assumed to be open)

Fy =Fy-Fy maximal variable fluorescence

Fy (= Fp) maximal fluorescence, when all

Specific energy flux
ABS /RC

= Mo (1/V))(1/$po)

PSII RCs are closed

absorption flux (of antenna Chls)
per RC

TRo/RC =M, (1/Vy) trapped energy flux (leading to Qa
reduction) per RC
ETo/RC =My (1/V)¥eo electron transport flux (further

Quantum yields and efficiencies

than Q) per RC

bro = TRo/ABS = [1-(Fo/ maximum quantum yield for
Fm)] primary photochemistry
Yo = ET¢/TRg = (1-Vy) efficiency/probability for electron
transport (ET), i.e. efficiency/
probability that an electron moves
further than Qx
$ro = ETo/ABS = [1-(Fo/ quantum yield for electron
Fy)lWeo transport (ET)
Plags __TYRe _Ppo Yo performance index (potential) for
T l—yrel—wp 1 -y, energy conservation from exciton
to the reduction of intersystem
electron acceptors
RC/ABS = yre/(1-Yrc) = dpo (Vy/ Qa-reducing RCs per PSII antenna
M) Chl (reciprocal of ABS/RC)
Sm = Area/(Fy - Fp) normalized total area above the
OJIP curve
N = (SM/SS) = SMMO (1/ the number of turnovers
V)
DI,/RC = (ABS/RC) - (TRO/RC) total energy
dissipated per reaction center
(RO
Fy/Fo ratio of rate constants for
photochemical
and nonphotochemical use of RC
excitation energy
(dv/db) 4. (F300 — Fo) /(Fm — Fo) maximal rate of the accumulation
of the
fraction of closed reaction centers
kn = (ABS/CS). kF. (1 /FM) Non-photochemical rate constant
kp = (ABS/CS). kF. {(1 /F0) photochemical rate constant
- (1 /FM)}
ABS /CSp, Fn absorption flux (of antenna Chls)

Phenomological energy flux

per RC

TRy /CSm (Fv/Fm) -(ABS/CSy,) trapped energy flux (leading to Qa
reduction) per RC

ETo /CSy (Fv/Fm) - (1 — Vj) -(ABS/  electron transport flux (further

CSm) than Qa) per RC

DIy /CSiy (ABS /CS0) - (TRO /CS,y) total energy
dissipated per reaction center
(RO)

RC /CSp, @Po. (Vy /My). Fry Reaction centre per cross section

revealed, by using OJIP curve, specific energy flux, phenomenological

energy flux.

After continuous light treatment no change in the primary quinone

acceptor of electrons Qp in PSII (O-J phase), whereas quenching of the
fluorescence controlled by the donor site of PSII and the characteristic
activity of water splitting system (J-I phase) were slightly altered
showed weaker I and P peaks compared with normal 12 h light treated
plants. After reaching F, the fluorescence yields continuously rise more
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Fig. 3. Hypothetical mechanism of fluorescence emission and photosynthetic
electron transport in V. radiata. under continuous light. (Ch - Chloro-
phyll molecule).

slowly reaching a peak after 1-2 s. This fluorescence is variable (F,) as it
is responsive to changes in electron flow through photosystem, being
regulated by the redox state of photosystem II electron acceptors, inhi-
bition of a reaction on the photo oxidizing site of photosystem II de-
creases the F,. The decrease in fluorescence at J, I, P (Fig. 4) may be due
to two reasons, first by inhibition of electron transport at the donor site
of the PS II which results in the accumulation of P680™" [19,20] and
second due to a decrease in the pool size of Qx* The area over the
fluorescence induction curve between F, and Fy, is proportional to the
pool size of the electron acceptor Qa on the reducing side of PS II.

A decline in Fy, is often associated with the protective interconver-
sion of violaxanthin to zeaxanthin, in two independent reactions (the
xanthophyll cycle), which leads to non-radiative (non-photochemical
quenching, NPQ) energy dissipation [21].

3.1. Tf (max)

Time to reach maximal fluorescence Tf (max) of mung plant treated
with continuous light (24 h) decreases as compared to the plant growing
under natural light condition (12 h). A decrease in the time to reach Fm
(Tfm) (Fig. 3) by continuous light led to an increase in the average redox
state of Q, in the period from 0 to Tfm [18].
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Fig. 4. OJIP fluorescence induction curve. Transient curves of each line
represent the average of 10 measurements per treatment.
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3.2. Area

Area parameter (the total complementary area between the fluo-
rescence induction curve and Fm) was higher for 24 h light treated plant
than 12 h light treated plant. The Area is relative to the pool size of the
electron acceptors QA on the reducing side of PSIIL. Previously it was
reported that a decrease in Area parameter will be due to electron
transfer from the RCs to the quinone pool is blocked. Hence, improving
the Area (Fig. 3) of mung bean by application of continuous light may be
the result of increasing the electron transfer from the RC to the quinone
pool [22].

3.3. Fpand Fm

Fluorescence at 50ps is denoted as F, when the all primary quinone
acceptor (Qp) is in the oxidized state (open). Plants exposed to CL shows
no significant effect on Fo while a decrease in Fm meanwhile variations
are also reported in value of Fv/Fo (Fig. 5a). Parameter Fo can be used as
an indicator for irreversible damage in PSII, associated with LHCII
dissociation and blocking of electron transference on the reductant side
of PSII [23]. Decreasing Fm by application of CL may be associated with
the less efficiency of PSII activity due to conformational changes in the
D1 protein, causing alterations in the properties of PSII electron ac-
ceptors [24].

3.4. Fv/Fo

Fv/Fo, a parameter that accounts for the simultaneous variations in
Fm and Fo in determinations of the maximum quantum yield of PSII is
higher in the plant under NL condition as compare than plants under CL.
Fv/Fo is the most sensitive component in the photosynthetic electron
transport chain [25]. The decrease in Fv/Fo is due to either by a decrease
in Fv or increase in Fo. In the present study, there is no significant dif-
ference in Fo hance the decrement of Fv/Fo Is due to a decrease in
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variable fluorescence (Fv). The lower value of Fv/Fo (Fig. 5a) in treated
leaves indicates the change in the rate of electron transport from PSII to
the primary electron acceptors with the reduction in the number and the
size of RC, which have also been reported in different plants exposed to
the disease and the environmental stresses [26,27].

3.5. Variable fluorescence V;

Relative variable fluorescence at the J-step (2 ms) was decreased in
plants under CL condition. V; was a measure of the fraction of the pri-
mary quinine electron acceptor of PSII that was in its reduced state [Qa-
/Qactotan] [28]. Fig. 5a shows that there is a decrease in value of Vj
indicate that under continuous light the electron transfer at the donor
side of PSII was affected.

3.6. Sp,and N

Complementary Area (Sp,) increased in continuous light condition
than natural light. The parameters Sy,, assessing of the electron trans-
porter PQ pool between PS II and PSI. increase in S, in continuous light
displayed a reduced electron transport between these photosystems [29]
(Fig. 5a). Turnover number (N) is higher in continuous light condition
than natural light. N indicates how many times Qp has been reduced in
the period from O to Tf, [17]. However, an increase in N also shown by
PSI cyclic electron transport, as a photoprotection method.

3.7. Specific energy flux (membrane model)

Specific energy flux i. e. ABs /RC, TRo/RC, ETo/RC and Dlo/RC were
lower in plants treated with CL as compare to NL (Fig. 6a). ABs/RC is
lower in CL treated plants; TRo/RC and DIo/RC is equal in both con-
ditions. According to leaf pipeline model in continuous light, there is
more active RC but the lower value of specific energy flux (ABs /RC,
TRo/RC, ETo/RC and DIo/RC) shows the decreased ability of RC to the
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Fig. 5. Radar Plot showing various Technical fluorescence parameter. Each line represents the average of 10 measurements per treatment.
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Fig. 6. Energy pipeline models (a) Specific energy flux (membrane model) of 12 h and 24 h light treatment and (b) Phenomenological energy flux (Leaf model) of 12

h and 24 h light treatment.

reduction of plastoquinone The flux ratios ABS/RC, TRo/RC, ETo/RC
and DIo/RC decreased under continuous light treatment. The ABS/RC
represents the total number of photons absorbed by Chl molecules of all
RCs divide by the total number of active RCs. It is influenced by the ratio
of active/inactive RCs and as the number of active centers increased, the
ratio ABS/RC decreased. TRo/RC represents the maximal rate by which
an exciton is trapped by the RC resulting in the reduction of Qa. A
decrease in this ratio indicates that all the Qa has not been reduced.
Reduced ETo/RC describes that the reoxidation of reduced Q, via
electron transport in an active RC is decreased because of a greater
number of the active RC, hence it only reflects the activity of active RCs.
Fig. 6a shows a decreased per active RC but overall increased electron
transport, due to more active RCs. DIo/RC represents the ratio of the
total dissipation of untrapped excitation energy from all RCs concerning
the number of active RCs. Dissipation occurs as heat, fluorescence and
energy transfer to other systems. It is also influenced by the ratios of
active/inactive RCs. The ratio of total dissipation to the number of active
RCs not so affected (DIo/RC) due to the efficient use of energy by the
active RCs [30].

3.8. Phenomenological energy flux (leaf model)

Phenomenological energy fluxes i.e. ABS/CSm, TRo/CSm, ETo/CSm
and DIo/CSm are shown in Fig. 6b. In phenomenological fluxes per
cross-section and the leaf model, ABS/CSm,TR/CSm, ETo/CSm and DIo/
CSm not significantly affected than control (Fig. 6b). Thus ABS/CSm
reflects an increased density of active reaction centers in response to
continuous light. Thus, TRO/CSm and ETo/CSm indicates that the effi-
ciency of trapping and PSII activity are similar to control plants. An
increase in the density of active RCs (indicated as open circles) and a
decrease in the density of inactive RCs (indicated as filled circles) was
observed in response to continuous light treatment [31,32]. CL light
treated plants shows a broader leaf which can be proved by Boardman,
(1977) [33] who reported that plants growing in full sunlight had
increased leaf length, leaf size (Fig. 2b) and therefore increased leaf

area. This can be assigned to the fact that leaves grown in full sunlight
had higher stomatal conductance than shade leaves.

Continuous light-grown plants have more leaf greenness due to
enhanced chlorophyll content. Synthesis of chlorophyll can occur only
when a plant is irradiated since the reduction of protochlorophyllide to
chlorophyllide is light-dependent [34,35]. Furthermore, other steps of
chlorophyll synthesis or degradation are regulated by light and
controlled by phytochrome and the blue light receptor [34].

Besides chlorophyll, the role of carotenoids and tocopherols are
found in process of photoprotection. Carotenoids play a major role in
photoprotection by shading the reaction and xanthophyll cycle [36].

3.9. Kp and Kn

An increase in Kn (de-excitation rate constants for nonphotochemical
reaction) whereas no significant effect on Kp (de-excitation rate con-
stants for photochemical reaction). Under continuous light, the extra
energy exceeds the capacity for utilization, then the extra Chl redials
quenched by photoprotective processes and dissipation of extra energy
as heat. These mechanisms are measured from the decrease of Chl
fluorescence from PSII and are collectively referred to as non-
photochemical quenching (NPQ) (Fig. 3). NPQ includes short-term re-
sponses to rapid fluctuations in light, as well as responses that occur over
longer periods allowing for acclimation to high light exposure [37].

NPQ and antioxidant systems [38] have the protective roles, despite
these the PSII centers chance to damage at all light intensities and hence,
an efficient PSII repair cycle continues to resume the function of the PS II
complexes. Besides the PSII repair cycle plant have another alternative
cycle to cope with light stress, among them cyclic electron flow, the
water cycle, photorespiration, mitochondrial respiration in excess light
[39].

3.10. Maximum quantum Yyield

Besides, the quantum yield of primary photochemistry (¢pPo), the
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quantum yield for electron transport (¢Eo) and the efficiency per trap-
ped excitation (Wo) were not affected (Fig. 5b). These parameters can
provide relevant information on electron transport activity at the PSII
acceptor sites [18]. These results suggested that continuous light
enhance electron transport at the PSII acceptor site in V. radiata.

3.11. Plabs

Performance index (PI,ps) calculated on energy absorption basis and
the value of Pl is higher in the plant under CL (Fig. 5b). Ply,s are
increased due to increased activity of the RC so the overall activity of the
RC is increased. The PI combines three independent functional steps of
photosynthesis, the density of RCs in the chlorophyll bed((RC/ABS),
excitation energy trapping (¢Po) and conversion of excitation energy to
electron transport (Wo), into a single multi-parametric expression [18,
40].

The efficiency with which a trapped exciton can move an electron
into the electron transport chain further than Qa-is Wo. The PI increased
in continuous light, compared to the control, because of a higher number
of active RCs and overall energy use efficiency which indicates that the
leaves were growing well in continuous light.

4. Conclusion

In the present research paper, the effect of continuous light on
chlorophyll fluorescence kinetics of V. radiata and their comparative
study against control was presented. Based on our findings and analyses,
we concluded that continuous light improves the PSII efficiency by
suppressing the light-induced PSII damage and by promoting the repair
system and photoprotective strategies. Continuous light has a positive
impact on plant morphology, photochemical efficiency of the plant. The
non-photochemical quenching and decapitation of excess light in form
of heat are the main processes which makes plant acclimated to
continuous light. It was also found that continuous light-grown plants
had an increased number of active RC and lowered absorption per RC, to
avail the excess light. Plants treated with artificial continuous light has
increase in leaf size and pigment concentration which gives evidence
that plant develops protection strategy towards excessive light. Rise in
the Performance index (PI,ps) of the plant under continuous light shows
that plants have high vitality and efficient use of excess light in electron
transportation beyond PS II and carbon assimilation (Calvin cycle). An
interruption in the oxygen-evolving complex (OEC) at the donor site of
PS II can be managed by the various photoprotective strategy of the
plant such as the use of alternative electron donor, antioxidant responses
which were our future prospective.

Statistical analysis

The data analysis was done using Biolyzer v.3.0.6 software. All
values presented in the paper are means of three independent replicates.
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