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Abstract
The present study aimed to investigate the impact of progressive drought stress (100%, 75%, 50%, and 25%

of field capacity) on photosynthetic light reactions of tomato plants. The imposed drought caused a gradual

reduction in leaf RWC leading to a decline in pigment concentration and growth indices. Significant alteration

in the OJIP fluorescence transient curves and the formation of specific fluorescence bands (L, K, J, H, and
G) gradually increased as drought severity increased. Phenomenological energy fluxes per excited cross-sec-
tion (ABS/CS, TRo/CS, DIo/CS, ETo/CS and RC/CS) decreased with intensifying drought. As drought stress
progressed, JIP-test parameters including The efficiencies of light reactions [pPo/(1- @Po )], the efficiencies
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Published: November 30, 2024 | of redox reactions [(yo/(1-yo)] and the efficiency of PSI to reduce the last electron acceptors [SRo/(1-8Ro)]

were significantly attenuated. The quantum yields for primary photochemistry (pPo), electron transfer from
Q, to Q, (y0), electron transport (pEo), and reduction of end electron acceptors at the PSI acceptor side (pRo)

Use your device to scan and read were negatively affected by drought stress. These results indicate that drought progression leads to structural

the article online and functional damage in PSII, characterized by a decrease in active reaction centers, reduced energy absorp-

tion and trapping, diminished energetic connectivity within PSII, and inhibition of the oxygen-evolving com-
plex. Additionally, reduced plastoquinone pool size, over-reduction of plastoquinone, and impaired redox state
downstream of Q,, were observed at the donor side of PSII. The quantum yield and efficiency of PSI to reduce
electron acceptors were reduced by drought progression. Our results showed that the transcript levels of PetE
and PetF' genes, encoding the key electron careers plastocyanin and ferredoxin, were significantly downre-
gulated in response to an increase in drought severity, contributing to reduced PSI efficiency. The Transcript

levels of PetE and PetF were reduced by 79% and 66% under 25% field capacity treatment, respectively.
These results highlight critical points within the photosynthetic apparatus that are highly sensitive to drought,
providing valuable insights into the mechanisms of drought-induced damage in tomato plants.
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1. Introduction

In recent years, the effects of climate change have
become more evident, with rising global temperatures
and shifting precipitation patterns. The intensification of
drought stress is one of the most significant consequences
ofthese changes globally. Climate models predict droughts'
frequency, duration, and severity will increase, particu-
larly in arid and semi-arid regions, affecting agricultural
productivity. The increased frequency of droughts, asso-
ciated with the growing global demand for food, seriously
threatens agricultural sustainability and food security [1].
Approximately one-third of the global arable land is per-
sistently affected by drought stress, resulting in a conside-
rable reduction in agricultural output [2].

As one of the most important abiotic constraints,
drought stress adversely affects several biochemical and

physiological parameters in plants, leading to a reduction
in growth, yield, and productivity [3]. Drought imposes
negative effects on plants including reduced seed germina-
tion, stunted growth, decline in nutrient absorption, disrup-
tion of metabolic functions, gene expression, protein and
misfolding, induction of oxidative stress, and impaired
respiration and photosynthesis [4—7]. Photosynthesis is
one of the most important physiological processes adver-
sely affected by drought stress due to stomatal and nonsto-
matal limitations. Reduced stomatal conductance due to a
decrease in leaf water potential restricts CO, uptake and
causes a decline in the rate of carbon fixation [8]. Drought-
induced limitations in the Calvin cycle are also linked to
a reduction in photosynthetic efficiency by limiting the
activity of key enzymes, particularly ribulose-1,5-bisphos-
phate carboxylase/oxygenase (Rubisco), which becomes
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less efficient due to lower CO, availability and increased
photorespiration [9]. Drought stress disrupts the photoche-
mical reaction of photosynthesis, especially the structure
and function of the oxygen-evolving complex (OEC), pho-
tosystems I and II, and the electron transport chain (ETC)
[10]. Limitations in photochemical reactions considerably
reduce photochemical efficiency and the quantum yield of
plants. The reduced efficiency of the photosynthetic light
reactions leads to a decrease in the synthesis of ATP and
NADPH, essential cofactors for the Calvin cycle, further
limiting the photosynthetic process [11].

While significant progress has been made in unders-
tanding the adverse effects of drought stress on photo-
synthetic machinery, the complexity of photosynthesis,
and particularly the intricate nature of photosynthetic light
reactions, necessitate further research to fully elucidate
the mechanisms underlying drought-induced damage on
photochemical reactions, electron transport, and overall
performance of light reactions. A comprehensive unders-
tanding of these processes is critical for developing effec-
tive strategies to mitigate drought impacts on plant pro-
ductivity. Therefore, the present study aimed to investigate
the effects of progressive drought stress on the stability
and functionality of photosystems, the efficiency of the
photosynthetic electron transport chain, photochemical
reactions, and energy utilization and dissipation within the
photosynthetic apparatus of tomato plants, as well as ex-
ploring the expression of key related photosynthetic genes
in response to drought stress.

2. Material and Methods
2.1. Plant Material and Growth Conditions

Tomato seeds (Lycopersicon esculentum Mill. var. Peto
86) were sourced from the Plant Improvement Institute of
Iran (SPII). To sterilize, seeds were first immersed in 70%
ethanol for 2 minutes, followed by a 5-minute exposure
to a 6% sodium hypochlorite solution. The seeds were
then rinsed with distilled water. Subsequently, the seeds
were planted in plastic pots (20 cm in diameter and 25
cm in height) filled with a peat moss and perlite mixture
in a 2:1 volume ratio. The pots were placed in a growth
chamber with controlled conditions of temperature (25 +
2°C), humidity (60 + 5%), and a photoperiod (16 hours of
light followed by 8 hours of darkness). Once germination
occurred, the seedlings were thinned to one plant per pot.

2.2. Drought Stress Treatment

Tomato seedlings were cultivated in 100% soil field
capacity (FC) until the four-leaf stage (30 Days). Drought
stress was induced by withholding water until the soil
moisture levels reached 75%, 50%, and 25% of FC for 30
days, based on the following formula. The control group
continued to receive normal irrigation. Sampling was
performed one month after imposed drought stress on the
youngest fully expanded leaves.
FC (%) = (Soil fresh weight — soil dry weight /Soil dry
weight) x 100.

2.3. Determination of leaf relative water content (RWC)

To determine RWC, leaf samples' fresh weight (FW)
was recorded. To measure turgid weight (TW), plant
samples were submerged in distilled water for 16 hours
in darkness at room temperature to obtain full turgor
pressure. After rehydration, excess surface water was

blotted with filter paper, and the turgid weight was mea-
sured. Subsequently, to measure dry weight (DW), plant
samples were oven-dried at 70 °C until a constant weight
was achieved. The RWC was calculated using the formula:
RWC (%) = (FW-DW)/(TW-DW).100.

2.4. Plant growth indices

Plant height, root and shoot fresh weight were measu-
red at harvest. To determine the dry weights, samples were
dried at 72 °C for two days and the dry weight was deter-
mined by digital scale.

2.5. Measurement of polyphasic chlorophyll-a fluores-
cence curve and fast fluorescence induction kinetics
(JIP-test)

Chlorophyll-a fluorescence is a valuable and non-in-
vasive technique commonly employed to evaluate the
performance of photosynthetic systems in plants. This
method offers important insights into photosynthetic effi-
ciency and the effects of various environmental factors
on the photosynthetic apparatus [8]. When dark-adapted
plants are illuminated, a characteristic increase in fluo-
rescence intensity, known as the fluorescence transient, is
observed. This polyphasic curve consists of four distinct
phases: O (indicating the initial or minimal fluorescence),
J (representing fluorescence intensity at 2 milliseconds), I
(showing fluorescence intensity at 30 milliseconds), and
P (denoting maximal fluorescence, typically occurring
between 500 to 1000 milliseconds). The JIP-test analyzes
the rapid fluorescence kinetics from the chlorophyll-a
fluorescence transient, providing a detailed evaluation of
the efficiency and performance of photosystems as well as
the efficacy of various electron carriers within the electron
transfer chain [12]. Table 1 outlines the definitions and
calculations of the JIP-test parameters derived from the
chlorophyll-a fluorescence transient. Chlorophyll-a fluo-
rescence was measured on the youngest fully expanded
leaves at room temperature. Prior to experimentation, all
leaf samples were dark-adapted for at least 30 minutes. A
Handy PEA (Hansatech Instrument Ltd, Lynn, UK) with
a high-resolution setting of 10 microseconds was used
for the fluorescence measurements. Fluorescence changes
during the first second of illumination were detected by
high-performance PIN photodiode detectors, and the fluo-
rescence signal was recorded and digitized using a fast
analog-to-digital converter in the control unit. The collec-
ted data were subsequently analyzed using the Biolyzer
4HP software, developed by the Bioenergetics Laboratory
at the University of Geneva, Switzerland.

2.6. Measurement of photosynthetic pigments

Photosynthetic pigments were extracted by homogeni-
zing 100 mg of fresh leaves in 80% ethanol. Following
centrifugation, the levels of chlorophyll-a (chl a), chloro-
phyll-b (chl b), and carotenoids in the supernatant were
quantified using a UV-visible spectrophotometer (CARY
300, Agilent, USA), following the method outlined by
[13].

2. 7. RNA extraction, cDNA synthesis and Real-time
PCR

A total RNA extraction kit (Sigma-Aldrich, Germany)
was employed to isolate RNA from 0.2 g leaf samples.
Following extraction, RNA concentration, purity, and in-
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Table 1. Abbreviations, formulae, and glossary of selected JIP-test parameters.

Parameter Explanation

F, Minimal fluorescence, when all PSII RCs are open

Fygo b8 Fluorescence intensity at 300 ps

F, Fluorescence intensity at the J-step (2 ms) of OJIP

F, Fluorescence intensity at the I-step (30 ms) of OJIP

F (F.) Maximal recorded fluorescence intensity, at the peak P of OJIP. All PSII RCs are
e closed.

Ft Fluorescence at time t after onset of actinic illumination

ABS/CS Absorption flux per CS (atz=F )

TR /CS_= P, (ABS/CS )
DI/CS, = (ABS/CS ) - (TR /CS )
ET/CS_=oE, (ABS/CS)

oP =TR JABS = [I~(F /F )]
ABS/RC = MO (1/VJ) (1/¢Po)
TR,/RC = MO (1/VJ)

ET_/RC = MO (1/VJ) yo

DI /RC = (ABS/RC) - (TRO/RC)
y,_ ET/TR =(1-V)

OE = ET /ABS = [1-(F /F )]y,

R = RE/ABS = TR /ABS (1-V,)

oP_ /[(1-gP ) =[1 - (F,/F )/ 1-[1 -
(F,/F,)]
v, /(=g ) =(1-V)11-V)

SR_/1- 3R = @P_x (VI/MO) = (ABS/

RC)

Trapped energy flux per CS (at#=F )

Dissipated energy flux per CS (att=F )

Electron transport flux per CS (att=F )

Quantum yield for primary photochemistry (at ¢ = F)

Absorption flux (for PSII antenna chlorophylls) per reaction center (RC)
Trapped energy flux (leading to QA reduction) per reaction center RC
Electron transport flux (further than QA ) per PSII RC (at t = 0)
Dissipated energy flux per reaction center RC (at t =0)

Quantum yield for electron transfer from Q, to Q, (at¢=F)

Quantum yield for electron transport (at ¢ = F))

Quantum yield for reduction of end electron acceptors at the PSI acceptor side (at ¢ =
F)

Efficiencies of light reactions
Efficiencies of redox reactions

Efficiency of PSI to reduce the last electron acceptors

Table 2. Genes, accession number, and primer sequences used for quantitative real-time PCR.

Gene Locus Primer sequence (5'—3") Product size (bp)
. F: TTCCCACACAACGTCGTA
Plastocyanin (PetE) Solyc04g082010.1 194
R:GACAGTAACTTTGCCAACCA
. F:-TTCCTCACTCACAATGGCAAC 200
Ferredoxin (PetF) Solyc03g005190.2
R:CCAGCTCTGTAGTTTTACCTT
. F:CATTGTGCTCAGTGGTGGTTC
Actin Solyc11g005330.1.1 176

R:TCTGCTGGAAGGTGCTAAGTG

tegrity were assessed using NanoDrop™ and RNA elec-
trophoresis. The resulting RNA was treated with DNase |
(Promega, USA) to remove any potential genomic DNA
contamination. cDNA synthesis was conducted using 2 pg
of total RNA and the SuperScript synthesis kit. Primers
for Actin, PetE, and PetF were designed using Vector NTI
software based on sequences obtained from NCBI (Table
2). The actin gene was utilized as the internal control for
normalization. Quantitative real-time PCR was performed
using the Corbett Rotor-Gene RG6000 (Corbett Research,
Australia). The REST software was employed for the de-
termination of relative gene expression.

2. 8. Data analysis

All experiments were performed with three biological
replicates. Data were presented as Mean + Standard devia-
tion. After confirming the normal distribution of data, the
significant differences among treatments were evaluated

by one-way analysis of variance (ANOVA) followed by
Duncan’s post-hoc test, with a level of significance of 95%
(P<0.05) by SPSS v22 software.

3. Results
3.1. Relative water content and growth indices

Fig.1 depicts the impacts of different water availabi-
lity conditions on leaf relative water content. The 75% FC
treatment caused no considerable change in leaf relative
water content in comparison to control plants. However, as
drought stress progressed, in 50% and 25% FC treatment,
RWC was significantly reduced in tomato leaves compa-
red to the control group (P<0.05).

The growth indices of tomato plants were significantly
(p< 0.05) affected by different water availability regimes
(Table 3). The root and shoot fresh and dry weights were
significantly reduced under 50% and 25% FC, compa-
red to the control group. All levels of water deprivation
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Fig. 1. Changes in the relative water content of tomato plants in res-
ponse to different water availability conditions including 100%, 75%,
50% and 25% of soil field capacity. Values are the mean of three inde-
pendent replications. Different letters indicate significant difference

(P<0.05).

also significantly affected the root and shoot length. The
highest decline in growth indices was observed in the 25%
FC treatment.

3.2. Photosynthetic pigments

The effects of drought stress on photosynthetic pigment
content are presented in Table 4. The 75% FC did not affect
the pigment content of tomato leaves. The content of chl
a, chl b, and carotenoids significantly reduced under 50%
and 25% FC compared to the control group. Under 25%
FC condition, the content of chl a, chl b, and carotenoids
decreased by 65%, 70%, and 60% respectively, compared
to the control.

3.3. Chlorophyll-a fluorescence transient curves and
JIP-test parameters

Fig. 2 depicts the OJIP chlorophyll-a fluorescence tran-
sient curves of tomatoes in response to progressive drought
treatments. The 50% FC treatment led to an increase in

the fluorescence intensity at the O and J phases. However,
the severe drought (25% FC) resulted in a remarkable de-
crease in fluorescent intensity at J, I, and P steps (Fig. 2a).
In Fig. 2b, the normalized fluorescence transient data was
presented to demonstrate the relative variable fluorescence
kinetics at any given time. Changes in any different steps
of the curve can determine the sites of damage to different
electron transport processes. A distinct rise in chlorophyll-
a fluorescence intensity at the J and I steps was observed
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Fig. 2. Fast fluorescence induction curve (a) and its normalized curve
between O and P step (b) of tomato seedlings in response to different
water availability conditions including 100%, 75%, 50% and 25% of
soil field capacity.

Table 3. Effects of different water availability conditions including 100% FC (control), 75% FC, 50% FC, and 25% FC on the growth indices
of tomato plants. Values are the mean of three independent replications. Different letters indicate significant difference (P< 0.05).

Field Shoot fresh Root fresh Shoot dry Root dry Shoot length Root length
Capacity weight (g) weight (g) weight (g) weight (g) (cm) (cm)

100 % 3523+13a 1451+1.22a 424+035a 1.05+0.14a 1942+1.03a 9.82+1.07a
75 % 36.44+1.09 a 13.22+£098a 492+0.59a 096+0.09a 17.18+1.14b  7.88+0.95b
50 % 2743+£129b 9.21+1.06b 238+021b 0.88+0.11Db 1427+145¢ 534+1.28¢
25 % 1712+ 1.24¢  6.82+093¢c 141+043¢c 0.71+0.07c 9.44+1.09d 3.64+1.17d

Values are the mean of three independent replications. Different letters indicate significant difference (P< 0.05).

Table 4. Effects of different water availability conditions including 100% FC (control), 75% FC, 50% FC, and 25% FC on the

photosynthetic pigments of tomato plants.

Pigment Content (ug g' DW)
100 % FC 75 % FC 50 % FC 25 % FC
Chlorophyll-a 1.50+£0.19 a 1.55+£0.13 a 0.93+£0.13b 0.52+0.15¢
Chlorophyll-b 0.62+0.05a 0.68£0.07 a 0.49+0.08b 0.18+0.06 ¢
Carotenoids 0.78+0.04 a 0.71 £0.08 a 0.55+0.06 b 0.31+0.05¢

Values are the mean of three independent replications. Different letters indicate significant difference (P< 0.05).
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in 50% and 25% FC-treated plants compared to the control
group. As drought stress intensified, the increase in fluo-
rescence intensity at the J and I steps became more pro-
nounced, with the most significant rise observed at 25%
field capacity (FC).

The L-band (Fig. 3a) was visualized by normalization
of relative fluorescence between O and K steps [W | = (Ft—
Fo)/(F .—Fo)] [W = (Ft-FJ)/(F ~FJ)]. The L-band was for-
med under 50% and 25% FC treatments. The K-band was
visualized by the normalization of fluorescence intensity
between O and J steps [W = (Ft-Fo)/(F,~Fo)] (Fig. 3b).
The induced water stress of 50% and 25% FC led to the
rise in the K-band. The normalization of the relative fluo-
rescence between O and I steps [W = (Ft-Fo)/(F ~Fo)],
visualized the J-band (Fig. 3¢). The J band was heightened
under different levels of drought stress. To visualize the H-
band, fluorescence intensity between J and I steps was nor-
malized steps [W = (Ft—FJ)/(F ~FJ)]. The imposed 50%
and 25% FC stress caused a significant rise in the H-band
as compared to the control group (Fig. 3d). To examine the
G-band, we normalized the relative fluorescence between
I and P steps (Fig. 3e). Drought stress caused a rise in the
H-band in 50% and 25% FC treatments, as compared to
the control group. The most pronounced L-band, K-band,
J-band, H-band, and G-band were observed in 25% of FC
treatments.

Effects of imposed drought stress on energy fluxes per
cross-section (CS) are depicted in Fig. 4. Parameters cor-
responding to the CS, including absorption flux (ABS/
CS), trapped energy (TRo/CS), dissipated energy (Dlo/
CS), electron transport (ETo/CS), and active reaction cen-
ters (RC/CSm) were negatively affected by severe drought
levels stress in tomato seedlings, as compared to the
control group.

Fig. 5. depicts the impacts of different water availabi-
lity regimes on the efficiency of light reactions [¢Po /(1-
¢Po )], the efficiency of redox reactions [(yo /(1- yo )],
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Fig. 3. Effects of different water availability conditions including
100% FC (control), 75% FC, 50% FC, and 25% FC on the formation
of L-band (a), K-band (b), J-band (c), H-band (d), and G-band (h) in
tomato plants.
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Fig. 4. Phenomenological flux parameters per excited cross-section
(CS) in tomato plants under different water availability conditions
including 100% FC (control), 75% FC, 50% FC, and 25% FC. The
data for each parameter are presented in the table. Different letters
indicate significant difference (P< 0.05).

and the efficiency of PSI to reduce the last electron accep-
tors [0Ro/(1-6R0)]. The 50% and 25% FC treatment led
to a significant decrease in all the efficiencies in tomato
plants compared to the control group. The efficiency of
redox reactions was more sensitive to the imposed water
deprivation levels and the value of [(yo /(1- yo )] reduced
by 11%, 43%, and 66% in response to 75%, 50%, and 25%
FC, respectively.

To further analyze the impacts of drought stress on
components involved in the efficiency of redox reactions,
several parameters including the quantum yield for prima-
ry photochemistry (¢Po), the quantum yield for electron
transfer from Q, to Q, (v,,), the quantum yield for electron
transport (pEo), the quantum yield for the reduction of end
electron acceptors at the PSI acceptor side (pRo), and the
probability of electron transport from reduced plastoqui-
none to the acceptor site of PSI (6Ro) were determined
(Fig. 6). The imposed drought led to significant decrease
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Fig. 5. Changes in efficiency of light reactions [@Po /(1- ¢Po )], the
efficiency of redox reactions [(yo /(1- yo )], and the efficiency of PSI
to reduce the last electron acceptors [6Ro/(1-8Ro)] of tomato plant
in response to different water availability conditions including 100%
FC (control), 75% FC, 50% FC, and 25% FC. Values are the mean
of three independent replications. Different letters indicate significant
difference (P< 0.05).

in value of @Po, y, ¢Eo, pRo, and 3Ro. Among these
parameters, the quantum yield for primary photochemistry
was less affected by different levels of water availability
compared to the other parameters. On the other hand, the
quantum yield for the reduction of end electron acceptors
at the PSI acceptor side was the most sensitive parame-
ter to progressive drought stress, since the value for pRo
reduced 46% and 72% in response to 50%, and 25% FC,
respectively.

3.4. Expression pattern of photosynthetic genes

The transcript levels of the genes PetE and PetF were
significantly affected by the imposed drought stress (Fig.
7). The expression levels of PetE were significantly de-
creased by 57% and 79% under 50% and 25% FC, res-
pectively. Similarly, the transcript levels of PetF reduced
significantly by 15%, 42%, and 66% in response to 75%,
50%, and 25% FC, respectively.

4. Discussion

Drought is widely recognized as one of the most har-
mful environmental stresses, significantly limiting plant
growth and reducing agricultural productivity on a global
scale. As drought stress progresses, a gradual reduction in
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Fig. 6. Changes in the quantum yield for primary photochemistry
(¢Po), the quantum yield for electron transfer from Q, to Q, (y,), the
quantum yield for electron transport (pEo), the quantum yield for the
reduction of end electron acceptors at the PSI acceptor side (pRo),
and the probability of electron transport from reduced plastoquinone
to the acceptor site of PSI (6Ro) of tomato plant in response to dif-
ferent water availability conditions including 100% FC (control), 75%
FC, 50% FC, and 25% FC.
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Fig. 7. Effects of different water availability conditions including
100% FC (control), 75% FC, 50% FC, and 25% FC on the relative
expression of PetE and petF genes. Values are the mean of three inde-
pendent replications. Different letters indicate significant difference

(P<0.05).
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RWC results in a decline in turgor pressure. Since cell ex-
pansion and growth are turgor-dependent, these processes
are severely affected by drought stress [14]. In the pres-
ent study, the growth indices of tomato plants showed a
significant decline, coinciding with a reduction in RWC
as drought stress intensified. Impairment of photosynthe-
sis and limitations in the photosynthetic products can also
contribute to the lower growth rate under drought.

Photosynthesis is at the frontline when plants are
experiencing drought stress. Leaf pigmentation is very
responsive to environmental factors and serves as a key
indicator of a plant's photosynthetic efficiency and stress
tolerance. Under drought conditions, the levels of pho-
tosynthetic pigments (chlorophyll-a,h, and carotenoids),
often decrease, leading to a decline in the plant's ability to
capture light energy efficiently [15]. Drought-induced pro-
duction of reactive oxygen species (ROS) can accelerate
the degradation of chlorophyll and other pigments. Fur-
thermore, drought stress disrupts the synthesis of chloro-
phyll by affecting the enzymes involved in its biosynthetic
pathway [16]. In this study, the chlorophylls and carote-
noid content in tomato leaves significantly decreased as
drought stress progressed. Similar to our results, [15]
reported a significant reduction in the pigment content
of cabbage in response to drought stress advancement.
Similarly, the decline in the chlorophylls and carotenoid
content was also reported in potato leaves in response to
drought stress [17].

To evaluate the impacts of the progressive drought on
the photosynthetic light reaction integrity and efficiency
of tomatoes, polyphasic chlorophyll-a fluorescence was
used. Chlorophyll-a fluorescence transients reflect the se-
quential reduction of electron carriers in the electron trans-
port chain and are characterized by four distinct phases,
labeled O, J, I, and P. Each of these phases corresponds to
a specific stage of photosynthetic electron transfer, provi-
ding insights into the efficiency and dynamics of the pro-
cess [18]. In the O step (Fo), all PSII RCs are open, with
Q, fully oxidized, resulting in maximal primary photoche-
mistry. The J and I steps of the fluorescence curve reflect
the redox state of the plastoquinone pool. The J step signi-
fies the accumulation of Q, Q,, while the I step indicates
the accumulation of Q, Q, . Finally, the P step represents
the activity of PSI, involving the reduction of its electron
acceptors [19]. Our results showed that drought stress al-
ters the OJIP curve by changing the fluorescence intensity
at different steps. Under 25% FC condition, the fluores-
cence intensity at all steps was reduced compared to the
control group. This reduction is attributed to a decrease
in PSII and PSI antenna complexes, active reaction cen-
ters, and the size of the plastoquinone pool, which together
result in diminished electron transfer capacity and reduced
fluorescence emission [8]. The higher fluorescence at the
O step indicates the limitations in energy trapping and
photochemical processes [20]. Results from phenome-
nological fluxes (Fig. 4) revealed that under drought the
ratio of active and inactive RCs (RC/CS) and efficiency
of light absorption (ABS/CS), were significantly reduced.
Consistently, the dissipation of energy from PSII (DIo/
CS) was significantly increased under drought. The higher
proportion of inactive RCs to active RCs resulted in dimi-
nished photon absorption, leading to a reduction in photo-
chemical efficiency, and lowering electron production and
transfer within the photosynthetic apparatus. On the other

hand, the higher closed RCs serve as a dissipative sink
for excitation energy, releasing it as heat. The normalized
OJIP curve (Fig. 2b) showed a rise in fluorescent inten-
sity at J and I step in both 50% and 25% of FC. Increased
fluorescence at the J and I steps suggests disruptions in the
redox state of the plastoquinone pool and electron careers
downstream Q,. The changes in fluorescence intensity at
the P step reflect a decreased electron transfer rate in PSI
electron carriers [18].

To further assess the impact of drought stress on fluo-
rescence transient, various bands including L, K, J, H, and
G bands were analyzed. The L-band emerges at 150 ps
after illumination and depicts the dissociation of thylakoid
structures and lower energetic connectivity in PSII. The
K-band (300 ps) describes the deactivation and inhibition
of the oxygen-evolving complex (OEC) [21,22] The for-
mation of L and K bands in tomato plants under severe
drought treatment can be attributed to the lower efficien-
cy of light-harvesting complexes II (LHCII) and energy
transfer to the RCs, as well as the occurrence of photoinhi-
bition at the receptor site of PSII [23]. Our results demons-
trated that severe drought stress led to the formation of
J-band and H-band in tomato leaves. The J-band is linked
to the electron transfer rate from Q, to the Q,; and the H-
bans depict the redox state of the PQ pool and downstream
components [24]. Formation of J and H bands signifies the
impairment of electron delivery into Q, and further deli-
very to Q, and over-reduction of the plastoquinone pool,
respectively. The G-band represents the reduction state of
electron carriers on the acceptor side of PSI. When elec-
tron flow from plastocyanin to the final electron acceptors
of PSI (such as ferredoxin and NADP) is inhibited, a posi-
tive G-band is formed [25].

Our results revealed that 50% and 25% FC significantly
affected the efficiency of light reactions [@PO/ (1-¢PO)],
the efficiency of redox reactions [(yO/ (1-yO)], and the
efficiency of PSI in reducing the final electron acceptors
[6Ro/(1-0R0)]. Reduction in the efficiency of light reac-
tions is consistent with a lower rate of efficiency of light
absorbance and trapping by PSII observed in tomato leaves
under drought (Fig. 5). The fundamental parameters, the
efficiency of redox reactions and the efficiency of PSI in
reducing the final electron acceptors reactions were more
sensitive to the progressive drought stress. Several quan-
tum efficiencies were examined further to assess the im-
pact points of drought on electron transport. All parameters
including the quantum yield of primary photochemistry
(¢P,), the quantum yield for electron transfer from Q, to
Qj; (v,), the quantum yield of electron transport (@E ), and
the quantum yield necessary for the reduction of the end
electron acceptors on the PSI acceptor site (¢R ), and effi-
ciency of PSI to reduce the last electron acceptors (6Ro)
were negatively affected by drought. Significant reduction
in 9E_, R, and dRo indicates that the drought-induced
damage to the photosynthetic electron transfer chain is
more prominent downstream of Q, toward PSI [26].

Our result revealed that the expression of PetE and
PetF genes encoding plastocyanin (Pc) and ferredoxin
(Fd), respectively, were gradually down-regulated as the
drought intensified. Pc and Fd play critical roles in electron
transfer within the photosynthetic electron transport chain,
serving as key electron carriers. Reduction in the expres-
sion of these genes is correlated with the lower efficiency
of PSI in reducing the final electron acceptors [0Ro/(1—
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0Ro)], the quantum yield of electron transport (pE ), and
the quantum yield necessary for the reduction of the end
electron acceptors on the PSI acceptor site (pR ), and effi-
ciency of PSI to reduce the last electron acceptors (3Ro).

Numerous studies have documented that drought stress
induces similar disruptions in photosynthetic efficiency
across crops like maize, barley, potato, and rice [4-6, 17].
For instance, drought commonly results in reduced chlo-
rophyll content, impaired PSII efficiency, and altered OJIP
fluorescence transients, indicating structural and functio-
nal impacts on both PSII and PSI. Studies on crops like
cabbage and wheat [15,23] have shown that drought can
decrease the quantum yield of PSII and PSI, similar to our
findings in tomatoes.

The findings of this study have important implica-
tions for agricultural practices in drought-prone regions,
particularly for enhancing drought resilience in tomato
cultivation. By identifying the specific sites within the
photosynthetic machinery (PSII and PSI) that are highly
vulnerable to drought stress, this research highlights cri-
tical targets for intervention. Strategies such as selective
breeding or genetic engineering could focus on enhancing
the stability of these sensitive components, especially
through the maintenance of functional electron carriers
like plastocyanin and ferredoxin, which play key roles in
PSI efficiency. Additionally, understanding the molecular
and physiological impacts of drought at different stages
of water availability can inform irrigation practices aimed
at minimizing stress-induced damage, thereby preserving
yield.

Future research could explore several directions to
deepen our understanding of drought-induced damage to
the photosynthetic apparatus in tomato plants. Investiga-
ting the specific molecular mechanisms leading to PSI and
PSII damage, including antioxidant responses and pro-
tein repair cycles, would clarify the biochemical changes
under stress. Comparative studies across tomato varieties
or related species could also identify genetic variability in
drought tolerance. Additionally, examining how drought
impacts downstream processes like carbon fixation and
photoprotection would provide a more comprehensive
view of photosynthetic responses. Genetic manipulation
to sustain electron carriers (e.g., *PetE* and *PetF*)
may also enhance drought resilience. Finally, understan-
ding long-term adaptations, including potential epigenetic
changes from repetitive drought exposure, could inform
breeding strategies for drought-resistant cultivars.

Conclusions

The present study highlighted the detrimental effects of
drought stress on the physiological and photosynthetic pro-
cesses in tomato plants. A significant reduction in growth
indices and pigment content was observed under drought,
associated with a reduction in relative water content. The
decline in chlorophyll fluorescence, particularly the altera-
tions in the OJIP curve and formation of L, K, J, H, and G
bands further confirmed the structural and functional im-
pairments in photosynthetic machinery and disruptions in
the photosynthetic electron transport chain, with reduced
efficiency in both PSII and PSI drought conditions. Quan-
tum yield parameters, such as @EO, ¢RO, and dRo, were
significantly affected, indicating the higher vulnerability
of the electron transport chain downstream of Q,, and
toward PSI and PSI donor side, confirmed by the down-

regulation of PetE and PetF genes, encoding key electron
carriers plastocyanin and ferredoxin. Overall, these fin-
dings highlight critical points within the photosynthetic
apparatus that are particularly sensitive to water deficit.
Understanding these sensitive processes can be crucial in
the development of drought-resistant crop varieties and
improving agricultural productivity under increasingly
arid conditions.
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