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ABSTRACT
Nutritional rich pigeonpea (Cajanus cajan [L.]), a perennial shrub member of family Fabaceae is the sixth
most important grain legume of the world. Continuous rise of temperature and current global climate
scenario limits plant growth and performance but photosynthetic machineries are adversely affected.
The aim of this study was the analysis of tissue specific photosynthetic pigments and photosynthetic
electron transport rate under elevated temperature. Two different stages of both leaf (young and
mature), and pod (young and mature) were chosen, and photosynthetic pigment and J-I-P tests were
measured. Leaves and pods were detached and incubated in normal temperature (25°C) for 24 h in two
different condition one light irradiance (100 µmol m−2 s−1) and another darkness as control, and treated
with high temperature 45°C for 24 h and repeated previous measurements were taken. Tissue specific
photosynthetic pigments variation were observed; J-I-P parameters clearly revealed that elevated
temperature has greater influence on photosystem II (PSII) electron transport than photosystem
I (PSI), and significant changes were observed in pods than leaves. Young tissues were adversely affected
by elevated temperature. In addition, the J-I-P tests and energy pipeline model indicated that PSI
electron transport rate of leaves and pods appeared to be more thermo-tolerance than those in PSII.
Only a minor drop in pigments pool and photosynthetic performance was observed after 24 h of
darkness. O-J-I-P transients can be used as a sensitive, nondestructive method for measuring heat stress
damage and a special tool for investigating action sites of high temperature stress. Findings of this study
will contribute to basic understanding of photosynthetic performance, and to screen potential thermo-
tolerant genotypes of pigeonpea to sustain in either current scenario of climate change or/and erratic
future climatic conditions.
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1. Introduction

Pigeonpea (Cajanus cajan [L.] Millspaugh), a perennial shrub
member of family Fabaceae is the sixth most important grain
legume of the world.1 Origin of Centre of pigeonpea is India,2

from where it is believed to have distributed to other tropical
and subtropical counties and in Africa continents before
2000 BC.3 In pacific region especially in Fiji it was introduced
by the indentured Indian labourers in the 1880s to make dhal
soup and for green vegetables, and grown in dry zone where
less precipitation was recorded.4

Nutritional rich pigeonpea seeds contain high proteins
(18.8%), starch (53%), fats (2.3%), crude fibres (6.6%) and
minerals (250 mg/100g).5 Current global scenario of climate
change shows continuous increase of temperature; hence
crops growing in different agro-ecological regions would
be more often exposed to heat stress conditions. The repro-
ductive stage of crop is more sensitive to high temperature,
1°C increase in maximum temperature would reduce
pigeonpea yield by 20.8%, and 1°C rise in minimum tem-
perature suggests a 4% loss in yield.6 High temperature
limits plant growth and performance but photosynthetic
apparatus is adversely affected because photosystems are
often inhibited before other cells are impaired.7 Oxygenic

photosynthesis converts light energy absorbed from sun to
chemical energy using two different photosystems (PSII and
PSI) and carbon fixing enzymes.8 Furthermore light energy
absorbed by photosynthetic pigments i.e. chlorophyll a, and
chlorophyll b has two fates (1) light loss by internal con-
version as heat and (2) as fluorescence or light emission.
Carotenoids are another group of photosynthetic pigment,
composed by carotene and xanthophyll and play a key role
in photosynthesis. Being essential part of antenna, carote-
noids harvest light energy from sun to produce
photosynthates.9,10 Apart from photosynthesis carotenoids
play an essential role in protection of reaction centres of
photosystems by dissipating of excess light energy. In addi-
tion, carotenoids are also involved in tolerance mechanism
against oxidative stress caused by different abiotic
factors.11,12 Elevated temperature alters two major meta-
bolic activities viz., photosynthesis and respiration, which
shorten life span, and leads to reduction in production and
productivity of crops.13 Depletion of photosynthesis during
elevated temperature limits availability of energy required
for induction of reproductive structures and gamete
formation.14 Photosynthetic apparatus is the most sensitive
component to evaluate degree of damage in elevated
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temperature.15 Chlorophyll a fluorescence has been used as
highly sensitive signature of photosynthesis,16 provides
authentic information of relationship of structure and func-
tion of photosynthetic apparatus.17 Exposure of light leads
to rise in chlorophyll a fluorescence that is polyphasic,
plotting a fluorescence transient as function of logarithmic
time provides information to identify many fluorescence
levels in terms of O-J-I-P.18 Different O-J-I-P levels of
chlorophyll fluorescence is based on ‘Theory of Energy
Fluxes of Biomembrane’, it has been used as a proxy to
analyse photosynthetic machineries under several abiotic
stresses. In high temperature O-J-I-P transients are highly
sensitive.19–21 Nomenclature as O-J-I-P of specific points in
induction curve is termed by recorded chlorophyll
a fluorescence signals. Here ‘O’ is for origin (minimal
fluorescence Fo), J and I for two different inflections (Fj
and Fi) and ‘P’ for peak (maximum fluorescence Fp or
Fm).22,23 In O-J-I-P transients OJ part of curve corresponds
to gradual reduction of primary electron acceptor quinone
(QA) of PSII, JI region represents to the reduction of
secondary electron acceptors i.e. quinone (QB), plastoqui-
none (PQ), cytochrome (Cyt b6f), and plastocynin (PC),
and IP part typically attributes to reduction of electron
transporters of PSI ferredoxin (fd), intermediate acceptors
and NADP.24 Elevated temperature inhibits water splitting
site/oxygen evolving complex (OEC) and block the electron
movement from OEC to tyrosine.25 In such situation an
additional K level peak observed in O-J-I-P curve at 200 to
350 µs that shows a disruption in water splitting/OEC
site.26 Therefore, O-J-I-P transients are used as a specific
tool for phenotyping and plant performance, with determi-
nation of structural and functional relationship of photo-
synthetic apparatus.27–31 The idea behind this study was to
observe the transients of chlorophyll a fluorescence at short
interval from 10 µs to 1 s to evaluate PSII efficiency and
electron movement in electron transport chain of oxidative
photosynthesis. Thus, within short time periods, it is easy
to evaluate photosynthetic performance under variable cli-
matic conditions.27 Many findings based on OJIP transients
in leaf under elevated temperature have been published32–34

but in fruits these O-J-I-P parameters are limited to apple
and tomato.30,35,36 The O-J-I-P transients revealed that tol-
erance of PSII to elevated temperature was greater in leaf
than the fruits of apple.35,36 Chlorophyll a fluorescence
O-J-I-P parameters were used to assess PSII activities of
tomato leaf and fruits against both high and low tempera-
ture stress and changes were greater in fruits than in the
leaf.30 Pigeonpea pods are photosynthetically active, because
of green, chlorophyll and other photosynthetic pigments
present from immature stage until ripening. Furthermore,
photosynthetic activities are different between leaves and
pods. However to our knowledge the effect of heat on
photosynthetic apparatus of leaf and pods of pigeon pea
and their differences have not been elucidated. Therefore it
is highly crucial to study the photosynthetic performance of
pigeon pea in the current and future erratic and unpre-
dicted climatic conditions particularly elevated temperature.
The aim of this study was to determine photosynthetic
efficiency and investigate whether O-J-I-P parameters can

be used as reliable indictors of elevated temperature in
pigeon pea leaves and pods.

2. Materials and methods

2.1 Plant materials

Pigeon pea seeds were grown at Natabua, Fiji Islands at
latitude 17°38ʹ35.8ʺS, 177°25ʹ53.31ʺE and of elevated altitude
of 672 ft from mean sea level, with agronomical packages and
practices. Measurements were recorded after anthesis and pod
formation. Two different stages of leaf (young and mature)
and pod (young and mature) were selected for observations
(Figure 1).

2.2. Normal and elevated temperature treatment

Different stages of both leaves and pods were detached from
plant, wrapped with wet paper towel and incubated at normal
(25°C) and elevated temperature (45°C) for 24 h in both light
irradiance (100 µmol m−2 s−1) and darkness in an incubator
(SPX-150B BOD incubator). Each experiment was carried out
in three replication (n = 10).

2.3 Chlorophyll determination

Different stages of both leaves and pods were used for chlor-
ophyll estimation. Chlorophyll was extracted with 80% acet-
one and the extracts were analysed with UV-visible
spectrophotometer (BIOMATE-3S Thermo-scientific) and
recorded the absorbance of the chlorophyll extract in
100 mL aliquot with a spectrophotometer set at 645 and
663 nm. Acetone (80%) solvent was used as a blank. The
amount of chlorophyll present in the extract was determined
according to the following equations as per Arnon.37

Chlorophyll a : mg=g:fr:wt: 12:7 A663ð Þ � 2:69 A645ð Þ½ �

� V
1000�W

Chlorophyll b : mg=g:fr:wt: 22:9 A645ð Þ � 4:68 A668ð Þ½ �

� V
1000�W

Total chlorophyllmg=g:fr:wt 20:2 A645ð Þþ 8:02 A663ð Þ½ �

� V
1000�W

where, A = Absorbance of chlorophyll extract at the specific
indicated wavelength, V = Final volume of the solution,
W = g. of tissue extracted

2.4 Estimation of carotenoid

The amount of carotenoids was estimated according to Kirk
and Allen.38 The same chlorophyll extract was measured at
480 nm and determined the carotenoids content using follow-
ing equation
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Carotenoids μg=g:fr:wt:ð Þ¼A480 þ 0:114�A663ð Þ 0:638�A645ð Þ
where, A = Absorbance at respective wave length.

2.5 Measurement of O-J-I-P transients

Chlorophyll a fluorescence transients (O-J-I-P) were mea-
sured by Plant Efficiency Analyzer (PEA, Hansatech UK).
Detached leaves and pods were kept at normal (25°C) and
elevated temperature (45°C) for 24 h in both light irradiance
(100 µmol m−2 s−1) and darkness in incubator. Treated leaves
and pods were examined for O-J-I-P transients. The clips
were placed on different stages of both the leaves and pods
for 20 min prior to the measurements to provide dark adapta-
tion. After that, samples were illuminated with continuous red
light (wavelength in peak 650 nm, spectral line half-width
22 nm). The light was provided by an array of three light-
emitting diodes. The light pulse intensity used was
3500 µmol m−2 s−1 and the duration of the light pulse was
1 s. The fluorescence signal was recorded with a maximum
frequency of 105 points s−1 (each 10 µs) within 0–0.3 ms, after
which the frequency of recording gradually decreased collect-
ing a total of 118 points within 1 s.

The measured data were used for the calculation according to
the JIP-test equations.27,35,36,39,40 The following fluorescence

intensity values from the original measurements were used:
minimal intensity at 20 µs, when all PSII reaction centres
(RCs) are open (the O step); intensity at 300 µs used for calcula-
tion of the initial slope (Mo), defined as the net ratio of RC
closure; the intensity at 2 ms (the J step); the intensity at 30 ms
(the I step); and the maximal intensity when all PSII RCs are
closed (the P step = FM). The biophysical parameters derived
from the OJIP transients were calculated, and the following
parameters, which refer to time zero (onset of fluorescence
induction) were used. (1) Flux ratio of PSII: φP0, the maximum
quantum yield of primary photochemistry; ψ0, the probability
that a trapped exciton moves an electron into the electron
transport chain beyond QA; φE0, the quantum yield of electron
transport (2) Flux ratios of PSI: δR0, the efficiency with which an
electron can move from the reduced intersystem electron accep-
tors to the PSI end electron acceptors; φR0, the quantum yield of
electron transport from QA to the PSI end electron acceptors (3)
Specific energy fluxes per RC; absorption (ABS/RC); electron
transport (ET0/RC); trapping (TR0/RC); dissipation (DI0/RC);
and reduction of end acceptors at the PSI electron acceptor side
(RE0/RC). (4) Phenomenological energy fluxes per excited cross
section (CSM, subscript M refer to time FM): absorption
(ABS/CSM = FM); electron transport (ET0/CSM); trapping (TR0

/CSM); dissipation (DI0/CSM); and density of RCs (RC/CSM). (5)
Performance index (PIabs) on an absorption basis and total PI

Figure 1. Experimental pigeonpea samples two leaf stages YL (young leaves) and ML (mature leaves) (a), and two different stages of pod YP (young pods) and MP
(mature pods) (b) were used for study.
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(PItotal) measuring the performance up to the PSI end electron
acceptors.30 A description of the used OJIP test parameters is
given in Table 1.41

2.6 Statistical analysis

The reported data of chlorophyll fluorescence parameters and
photosynthetic pigments i.e. chlorophyll a, b, total chlorophylls
and total carotenoids content represent the standard error of
mean in percentage with 5% value. Statistical analysis was per-
formed using analysis of variance (ANOVA) followed by Tukey
HSD test (α = 0.05) and student t-test using MS-Excel 2010.

3 Results

3.1 Photosynthetic pigments

In this study different stages of leaves and pods showed vide
variations in chl a, chl b, total chlorophyll and carotenoids
(Figure 2). Level of chl a, b and carotenoids were significantly
higher in leaves than those in pods. Mature leaves showed
maximum pigments (~3 folds) higher than young leaves.
Among different age of young pods 10% higher pigments
than in mature pods. After 24 h of darkness only a minor
drop (~10%) decreased in cell pigment pool while elevated
temperature at 45°C photosynthetic pigments are dramatically
declined in both leaves and pods. Significant decline in chlor-
ophyll content after elevated temperature was monitored in
young leaves (~60%), mature leaves (40%), young pods
(~50%) and mature pods (~30%). About 50%, 45%, 40% and
40% carotenoids concentration was reduced in mature pods,
young pods, mature leaves and young leaves, respectively.

3.2 O-J-I-P transients

Upon illumination of dark adapted tissues i.e. leaves and pods
the chlorophyll a fluorescence emission shows O-J-I-P transient
curves starting from Fo to Fm via two intermediate steps Fj and
Fi (Figure 3). Each step exhibited a different response to dark-
ness and heat stress. After exposure of elevated temperature 45°
C in both young and mature leaves the O-J-I steps were
significantly higher and P step was lower than in control
(Figure 3(a,b)). Young leaves showed much decline in P step
than mature leaves. In both young and mature pods, sharp
decline of P step was reported under elevated temperature
(Figure 3(c,d)). After exposure of elevated temperature for
24 h, the stress induced changes were greater in pods than
leaves but nonsignificant changes were observed after incuba-
tion at normal temperature in both conditions light and dark.

3.3 Quantum yields and efficiency

Maximum quantum yield of primary PSII photochemistry
(φPo = Fv/Fm) is used as a chlorophyll fluorescence indicator
of heat stress. In this study, in pods and leaves Fv/Fm was
lower in elevated temperature than in control (Figure 4(a)). In
both young and mature leaves a significant decrease of Fv/Fm
observed after 45°C, it was an average 0.80 in control condi-
tion while after elevated temperature reduced up to 40% and
30%, respectively. In young and mature pods ~35% and ~50%
decline of Fv/Fm was reported. Darkness showed a moderate
drop in quantum yield of PSII as compare to light irradiance.

Efficiency with which an electron from PQH2 is transferred
to PSI, energy flux of PSI (δRo) was enhanced in both leaves
and pods under elevated temperature. Significant increase of
δRo ~35%, ~33% and ~25% in young leaf, young and mature
pods, respectively (Figure 4(b)). Nonsignificant enhancement

Table 1. Definition of energy fluxes and fluorescence transients parameters were used in the OJIP-test. These parameters are used to analyse the ‘fast’ (<1 s)
chlorophyll a fluorescence transient.41

Technical fluorescence parameters Meaning

FV = FM–FO Maximum variable fluorescence
Vt = (Ft–FO)/FV Relative variable fluorescence
Fo Minimum fluorescence intensity
Fm Maximum fluorescence intensity
M0 = (ΔV/Δt) 0 ≈ 4(F0.3ms–F 0.05ms)/FV Initial slope (in ms−1) of the O-J fluorescence rise
Sm = Area/FV Normalized area between the OJIP curve and the line F = FM, which is a proxy of the number of electron carriers per

electron transport chain
Efficiencies and quantum yields
δR0 = ψR0/ψE0 = RE0/ET0 Efficiency with which an electron from PQH 2 is transferred to final PSI acceptors
TR0/ABS = φP0 = FV/FM Maximum quantum yield of primary PSII photochemistry
φE0 = ET0/ABS = φP0× ψE0 Quantum yield of electron transport from QA to PQ
Specific energy fluxes (per active PSII)
ABS/RC = (M0/VJ)/φP0 Apparent antenna size of an active PSII
TR0/RC = M0/VJ Maximum trapped exciton flux per active PSII
ET0/RC = (M0/VJ)×ψE0 The flux of electrons transferred from QA to PQ per active PSII
RE0/RC = (M0/VJ)×ψR0 The flux of electrons transferred from QA to final PSI acceptors per active PSII
DI0/RC = ABS/RC–TR0/RC The flux of energy dissipated in processes other than trapping per active PSII
Quantum efficiencies, flux ratios
φP0 Quantum yield of the QA reduction φP0 = (1−F0)/FM = TR0/ABS
φE0 Quantum yield of the electron transport beyond QA

φE0 = (1−F0/FM)ψ0 = ET0/ABS
Ψ0 Probability that a trapped exciton is used for electron transport beyond QA.

ψ0 = 1−VJ = ET0/TR 0
Performance Index and derived parameters
PIABS Performance Index on absorption basis.

PI abs = RC/ABS [φP0/(1−φP0)] [ψ0/(1−ψ0)]
PIABS,total = PIABS × [δR0/(1–δR0)] Total performance index on absorption basis
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of δRo was observed under dark condition as compare to light
irradiance in both types of tissue. It means under elevated
temperature electron transport from reduced intersystem elec-
tron acceptor to PSI, which might be activation of dark reac-
tion. Mature leaves showed slight increase in energy flux
of PSI.

3.4 Spider chart for J-I-P test parameters
A multi-parametric spider plot with quantification of 15
J-I-P test parameters were recorded in to analyse structural
and functional relationship of photosynthetic apparatus of
different tissue i.e. leaves and pods under both control and
elevated temperature (Figure 5). Significant differences were

Figure 3. Chlorophyll a fluorescence OJIP transient curves in pigeonpea leaves and pods after 24 hrs of incubation in normal temperature (25°C) as control, and high
temperature 45°C for 24 h (HT), OJIP transient curves in young leaves (a), mature leaves (b), young pods (c) and mature pods (d). Here O is for origin (minimal
fluorescence Fo), J and I for two different inflections (Fj and Fi) and P for peak (maximum fluorescence Fp or Fm). Abbreviation: I: irradiance; D: darkness; IHT: high
temperature under irradiance; DHT: high temperature under darkness.

Figure 2. Tissue specific photosynthetic pigments of pigeonpea under normal temperature (I, D) and elevated temperature (heat stress) (IHT and DHT): Chlorophyll
a (a), chlorophyll b (b), total chlorophyll (c) and carotenoids (d) contents in different stages of leaf and pod. Each value is the mean of replicates (n = 10) with
standard error of mean in percentage with 5% value. Significant differences at p < 0.05 are indicated by asterisks (student t-test).
Abbreviation: I: irradiance; D: darkness; IHT: high temperature under irradiance; DHT: high temperature under darkness; YL: young leaves; ML: mature leaves; YP:
young pods and MP: mature pods
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observed in almost all specific energy flux ratio of PSII,
parameter of PSI and fluorescence parameter Fv/Fo, either
in different stages of leaves or pods. Exposure of elevated
temperature for 24 h, quantum yield efficiency viz., φPo,
ψEo and φEo was significantly declined whereas δRo
increased in both leaves and pods than in control.
Fluorescence parameters Fo/Fm and Mo, energy flux viz.,
ABS/RC and DIo/RC were significantly increased in both
tissues under elevated temperature than control but dark-
ness under normal temperature showed slight changes as
compare to light irradiance.

3.5 Energy pipeline model (membrane and leaf and pod)

For more insight into elevated temperature induced changes
in photosynthetic apparatus, energy pipeline models (mem-
brane and leaf and pod) were constructed (Figure 6(a,b)). In
the membrane model, ABS/RC and TRo/RC were slightly
high in both tissues than control. DIo/RC was about two to

three folds higher under elevated temperature in both leaf and
pods, respectively (Figure 6(a)). In contrast, in the leaf and
pod model, ABS/CSm and TRo/CSm, ETo/CSm and RC/CSm
were 0.3 to 0.5 fold lower under elevated temperature than in
control in all stages of leaf and pod, however DIo/CSm was
significantly increased in both tissues (Figure 6(b)).

3.6 Performance index

Performance indices were proposed by Tsimill-Michael and
Strasser (2008)42. These PIs are described as combined infor-
mation on the performance of PSII and reduction of inter-
system electron acceptors (PIABS) and reduction of PSI end
acceptors (PITOTAL). In our study under elevated temperature
PIABS was lower than that in control, in both pods and leaves
(Figure 7(a)). Young leaves showed higher PIABS than mature
leaves mature pods showed minimum PIABS among in all
different stages of both tissues i.e. leaves and pods. In this
study a significant decline of PIABS ~60%, 50% was reported
in young and mature leaves, respectively, under elevated tem-
perature. A similar trend was reported in both young and
mature pods. PItotal showed significant increase in all stages of
leaves and pods (Figure 7(b)). About 20–30% increase in
PItotal was calculated in all different stages of leaf and pod.
Tissue specific moderate drop was observed in darkness as
compare to light irradiance under normal temperature.

4. Discussion

Chlorophyll and carotenoids degradation was found in both
leaf and pod; however, young leaves and young pods exhibited
more advanced degradation of pigments under elevated tem-
perature as compare to mature tissues. High temperature
exposure caused reduction in biosynthesis of chlorophyll by
deactivation of various enzymes.43 Under elevated tempera-
ture reduced accumulation of photosynthetic pigments might
be due to down regulate biosynthesis of chlorophyll and
carotenoids or upregulate degradation or combined effect of
both. One of enzymes 5-aminolevulinate dehydratase activ-
ities used in chlorophyll biosynthesis significantly decreased
in wheat,44 and about 60% reduction of this enzyme were
reported in cucumber under high temperature.45 Developing
leaves showed sharp decline of chl a and b in elevated
temperature.46 In heat tolerant cultivation of tomato and
sugarcane as increased chl a/b ratio and considerable deceased
of chl/car ratio was noted. It shows that changing pigment
ratio has also an important role in heat tolerance varieties.47

Increased Fo after exposure of high temperature reveals
physical separation of the PSII RCs from their associated
pigment antennae leads to block energy transfer to the PSII
traps.48 Effect of elevated temperature on photosynthetic elec-
tron transport, the decrease in fluorescence at P step might be
due to inhibition of electron flow either donor or acceptor
side of the PSII. Damage in PSII donor side leads to appear-
ance of additional ‘K’ peak in O-J-I-P curve at
(~300 µs).27,35,36 However, in this finding no ‘K’ peak

Figure 4. Maximum quantum yield of primary PSII photochemistry (ϕPo = Fv/
Fm) (a), and the efficiency with which an electron can move from PQH2 to PSI
end electron acceptor (δRo) (b) in different stages of leaf and pod of pigeonpea
after 24 h of incubation in normal temperature (25°C) and high temperature 45°
C for 24 h (HT). Each value is the mean of replicates (n = 10) with standard error
of mean in percentage with 5% value. Significant differences at p < 0.05 are
indicated by asterisks (Tukey’s test).
Abbreviation: I: irradiance; D: darkness; IHT: high temperature under irradiance;
DHT: high temperature under darkness; YL: young leaves; ML: mature leaves; YP:
young pods and MP: mature pods
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appeared under elevated temperature to either leaves or pods.
It means donor side of PSII was not affected by high tem-
perature. Similarly no well-expressed ‘K’ peak in
O-J-I-P curve was observed in tomato, common bean and
rice.30,34,49 Several J-I-P tests were calculated to observe
damage in acceptor side of PSII. These tests might be identi-
fied many functions viz., energy absorption, energy trapping
and electron transport.27 This finding revealed that after
exposure of elevated temperature in both tissues, significant
increase in net rate of RC closure, as indicated by Mo, sug-
gested that the reduction of QA to QĀ was higher under
elevated temperature than in control. This finding is sup-
ported by previous results that net rate of RC closure was
increased for tomato leaf and fruits, pea leaf, wheat, rice and
apple peel after exposure of high temperature.21,27,30,35,36,50

Elevated temperature exposure decreased maximum
quantum yield for primary PSII photochemistry (φPo = Fv/
Fm) suggested that high temperature decreases the rate of
primary charge separation and disassemble some minor
antenna from PSII RCs, resulting certainly rise of energy
dissipation as heat.51 Under heat stress Fv/Fm ratio strongly
depressed which means precipitates suppression of electron
transport chain.52 In previous studies Fv/Fm has been used
as proxy for maximal quantum yield of PSII photochemistry
under influence of high temperature stress.18,21,53 Above 40°
C a significant decrease in Fv/Fm was reported in crofton
weed leaf,51 in barley,54,55 in both leaf and fruit of tomato30

and oak species.56 In elm seedling, when subjected to heat
stress the young leaves exhibit lower Fv/Fm than mature
leaves.57 High temperature increases the probability that an

electron is transported from reduced intersystem electron
acceptor to final electron acceptor of PSI (δRo). Higher
δRo shows resulting in a bigger pool size of end electron
acceptor at PSI, which might be due to thermal activation of
dark reaction. Experimental evidences showed that elevated
temperature enhances energy flux of PSI i.e. δRo in both
leaves and pods. It means under elevated temperature an
electron is transported from the reduced intersystem elec-
tron acceptor to final electron acceptor of PSI, which might
be due to thermal activation of dark reaction. Our findings
were supported by previous study in bean plant.34 In apple,
barley and tomato PSI was less damaged than PSII under
high temperature stress.30,51,58 In this study, in all stages of
leaf and pods, the energy flux φEo, ψEo, φPo of PSII were
lower under elevated temperature than in control, whereas
energy flux δRo of PSI was higher. Thus it is suggested that
in both leaf and pod of pigeonpea, PSI appear to be more
heat tolerant than PSII.

Energy pipeline model implicated several parameters of
PSII under elevated temperature. For example specific flux
per RC in membrane model enhanced ABS/RC, TRo/RC and
DIo/RC in both tissues indicate that average absorption (ABS/
RC) and trapping (TRo/RC) per active RC increases owing to
the inactivation of some RCs, and that the ratio of total
dissipation to the amount of active RCs (DIo/RC) increases
because of high dissipation of inactive RCs. Similar findings
were reported in pea leaves,27 apple peel35,36 and in both fruits
and leaves of tomato.30 In contrast phenomenological fluxes
per CSm decreased ABS/CSm reflects an increased density of
inactive reaction centres in response to heat stress. Thus,

Figure 5. A spider plot of 16 selected JIP parameters form chlorophyll a fluorescence in pigeonpea young leaves (a), mature leaves (b), young pods (c), and mature
pods (d) after 24 h of incubation in normal temperature (25°C) as control, and high temperature 45°C for 24 h (HT), asterisks showed significant differences at
p < 0.05 by multiple comparison (Tukey’s test).
Abbreviation: I: irradiance; D: darkness; IHT: high temperature under irradiance; DHT: high temperature under darkness; YL: young leaves; ML: mature leaves; YP:
young pods and MP: mature pods.
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reduced TR/CSM and ET0/CSM indicates that active RCs are
converted into inactive RCs, reducing the efficiency of trap-
ping and a decline in PSII activity. Similar findings were
reported in spinach leaves59 and in tomato leaf and fruit.30

In the study declined in performance index PIabs with
elevated temperature indicates that high temperature causes
a significant decrease of overall photosynthetic activity. PIABS
is produced by combination of three components RC/ABS
(density of active RC per chlorophyll absorption), φPo and
ψEo.40,60 Many studies had revealed at response of
Performance index to high temperature, a drastic decrease in

PIABS (56%) occurred in crofton weed leaves when exposed to
42°C or above,51 and similar trends in tomato leaves and
fruits.30 PIABS decreased at 45°C for 2 h in beans,34 consistent
with wheat,21 barley58 and sorghum.61 Thus, PIABS could be
used as a proxy of heat induced plant damage.51

Enhanced PItotal after exposure of elevated temperature in
both tissues allow the extending the study of photosynthetic
electron transport activity beyond PSII, involving changing in
intersystem electron transport and PSI processes.34 This find-
ing is supported with similar trend of increased in PItotal
observed in tomato leaf and fruit.30

(a)

(b)

Figure 6. (a) Pipeline model of specific fluxes (membrane model) per reaction centre (RC) in different stages of leaf and pod of pigeonpea exposed after heat stress
at 45°C for 24h. ABS/RC: absorption flux per RC, TRo/RC: trapped energy flux per RC (t = 0), ETo/RC: electron transport flux per RC (t = 0) and DIo/RC dissipated
energy flux per RC (t = 0). Each relative values represented by the size of proper parameters in arrow. (b) Pipeline model of phenomenological fluxes (leaf and fruit)
per excited cross section (CSm) in different stages of leaf and pod of pigeonpea exposed after heat stress at 45°C for 24h. Black filled circle denotes inactivation
reaction centres (RC); unfilled circle active reaction center; ABS/CSm: absorption flux per excited cross section, TRo/CSm: trapped energy flux per excited cross section,
ETo/CSm: electron transport flux per excited cross section and DIo/CSm: dissipated energy flux per excited cross section. Each relative values represented by the size
of proper parameters in arrow.
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5. Conclusion

Our findings revealed tissue specific photosynthetic pigments
and performance in pigeonpea. For the first time elevated
temperature induced changes in O-J-I-P transients showed
tissue specific differences. PSI was more tolerant to elevated
temperature in leaves than pods. Furthermore, PSII electron
transport chain and quantum efficiency was more sensitive in
elevated temperature than PSI. Only a minor drop in cell
pigments pool and photosynthetic performance was observed
after 24 h darkness as compare light irradiance. Results
expressed that in pigeonpea, O-J-I-P transients can be used
a sensitive, nondestructive method for measuring heat stress
damage and a special tool for investigating performance of
PSI and PSII. However, in this study detached leaves and pods
were used for high temperature treatment, therefore further
study may be required to clear understanding of
O-J-I-P transients and plant performance under in-vivo con-
dition. Our findings contribute to basic knowledge of the
tissue specific photosynthetic pigments and application of
O-J-I-P transients in pigeonpea research. Outcomes of this

study will be used to screen potential thermo-tolerant geno-
types of pigeonpea to sustain in either current scenario of
climate change or/and erratic future climatic conditions that
leads to contribute in food and nutrition security of growing
population. This finding also contributes to basic knowledge
of application of O-J-I-P transients and is the first step in
building J-I-P database for pigeonpea.

Abbreviations

F0 minimum fluorescence from dark-adapted leaf (PSII
RCs open)

Fm maximum fluorescence from dark adapted leaf (PS II
centres closed)

Fv/Fm maximum quantum yield of PSII photochemistry
LED light emitting diode
PQ plastoquinone
PSI photosystem I
PSII photosystem II
QA primary PSII quinone electron acceptor
QB secondary PSII quinone electron acceptor
RC reaction centre
OEC oxygen evolving complex
PI Performance Index
Chl a chlorophyll a
Chl b chlorophyll b
ABS absorbance
CS cross-section
RC reaction centre
OEC oxygen evolving complex
PEA plant efficiency analyzer
Car carotenoids
fd ferredoxin
Cyt cytochrome
NADP Nicotinamide adenine dinucleotide phosphate
ft feet
nm nanometer
µs micro second
s second
h hours
HSD honestly significant difference
°C degree Celsius
IP immature pods
MP mature pods
YL young leaves and ML, mature leaves
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Figure 7. Performance index PIabs (a), and PItotal (b) in different stages of leaf
and pod of pigeonpea after 24 h of incubation in normal temperature (25°C) as
control, and high temperature 45°C for 24 h (HT). Each value is the mean of
replicates (n = 10) with standard error of mean in percentage with 5% value.
Significant differences at p < 0.05 are indicated by asterisks (Tukey’s test).
Abbreviation: I: irradiance; D: darkness; IHT: high temperature under irradiance;
DHT: high temperature under darkness; YL: young leaves; ML: mature leaves; YP:
young pods and MP: mature pods
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