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ABSTRACT: Sunflower leaf photosynthesis strongly depends on the leaf position in the plant stem conditioning,
which directly affects other physiological processes. Therefore, a study of the leaf’s physiological status regarding the
leaf position in the stem was performed on sunflowers in the flowering stage. Eight differently positioned leaves were
investigated, starting with the youngest leaf on the top of the stem to the leaves of the stem bottom, assigned as the
oldest senescent leaves. According to chlorophyll fluorescence (ChlF) parameters connected to photosystem II (PSII)
processes, significant changes in PSII functioning occurred only in the senescent leaves, while photosystem I (PSI)
describing parameters showed a linear decrease with leaf age, i.e., position on the stem. The antioxidative status of
the leaves was dynamic, as stress indicators (lipid peroxidation and hydrogen peroxide content) fluctuated regarding
leaf position on the stem, but no link was found between the activities of antioxidative enzymes and oxidative stress
indicators. Linear decrease trend of secondary metabolites (mainly phenolic compounds) correlated with antioxidant
activity, except for some phenolic acids (caffeic and ferulic acid), which increased in senescent leaves. The most changes
in the physiological status of the leaves were confirmed in senescent leaves, which stand out the importance of younger
leaves in maintaining the plant’s vitality after flowering, which is the most important for sunflower yield.

KEYWORDS: Helianthus annuus; antioxidative enzymes; chlorophyll fluorescence; leaf position; oxidative stress;
photosynthesis; polyphenols

1 Introduction

Due to the high oil content in the seeds, sunflower (Helianthus annuus L.) is an industrial crop with great
economic importance and is primarily grown for edible vegetable oil production. It is an extremely useful
plant that is excellent as a crop rotation, leaves the soil free of weeds and in good physical condition, and is
also a desirable honey crop [1,2]. Cultivated sunflower has a characteristic morphology that largely depends
on the genotype, agrotechnics, and the environment in which it is grown. The morphology of plants and the
duration of certain developmental stages are good indicators of climate and weather changes. Morphological
changes follow from the cumulative impact of stress resulting from molecular and physiological changes, that
is, changes in the composition of the plant proteomics, transcriptomes, and metabolomes based on changes
in gene expression [3,4].
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The sunflower is distinguished by a characteristic arrangement of leaves on the stem. The first two to
six leaves on a sunflower stem are opposite, while the others develop spirally, i.e., alternately. The number of
leaves per plant depends on the genotype, type of sunflower, and production technology [2]. In the initial
stages of growth, the leaves are tender, soft, and elastic, and at the end of maturing, they become rough and
brittle. The number of leaves decreases due to disease or the natural course of vegetation, i.e., senescence. Leaf
area depends on the shape, number, and size of leaves, positioning on the plant stem, genotype, development
stage, sunflower type, production technology, and its availability depends on assimilation, transpiration,
respiration, and photosynthesis. The lower and top leaves on the sunflower stem are narrower, smaller, and
more pointed, which is the opposite of the leaves on the central part of the stem, which are less pointed, larger,
and more oval. The peak of sunflower leaf mass development is reached during flowering. After flowering,
the number of leaves decreases, which is a consequence of the plant’s maturing, so the leaves dry up and
fall off. The most significant leaves on sunflowers are in the middle of the stem because their assimilation
surface is the largest. The lower and upper leaves have a smaller assimilation surface and are, therefore, less
significant. The lower leaves are responsible for forming the above-ground part of the plant and the roots.
Before sowing, choosing a hybrid with a favourable assimilation surface is important. Using valid agricultural
techniques ensures the leaf surface lasts as long as possible.

In early development, the leaf is a collector that requires nutrients from the rest of the plant, but as
soon as it reaches full photosynthetic capacity, it becomes the main original organ of the plant [5]. Some
leaf functions are the formation of grain size and fullness, grain yield, and oil content in the seed, but not all
leaves have the same influence on them [6]. However, the main function of the leaves is the implementation
of photosynthesis, which in sunflowers depends on the leaves’ position and senescent. The difference in the
speed of photosynthesis is created concerning the angle of the positioning of the leaf on the stem in relation
to the horizontal plane [7]. The photosynthetic process in the sunflower leaves is directly related not only to
the size of the leaf surface but also to its activity, duration, and productivity of the leaf mass, and the rate of
nutrient transfer to the seed also depends on it [7].

Leaf maturation is the process of leaf growth involving constant cell proliferation and expansion. When
the leaf becomes fully competent, it reaches maturity. Leaf chloroplasts retain their activity until the last
senescing stage, while degradation of the cytochrome b6f complex, electron flow, and proton conductivity
occur earlier than chlorophyll degradation [8]. The last stage of leaf development is senescence, a complex
process controlled by multiple genetic and environmental variables that alter leaf metabolism [9,10]. The
reduction of photosynthetic activity due to chloroplast degradation is an early senescence signal [9,11].
Chloroplast degradation coincides with the catabolism of macromolecules, namely proteins, nucleic acids,
and lipids [10,12]. Photosynthetic protein degradation directly reduces green leaf surface, which may cause
significant economic losses, especially in the grain-filling stage [13]. Therefore, delaying senescence influ-
ences grain yield, mostly due to photosynthesis during the reproductive stage [9,14]. However, stimulated
degradation of macromolecules in senescence is the source of nutrients for new growth and storage
organs [11,15], so leaf senescence is an important plant biological strategy for viability in the next generation
or season [10].

Homeostasis of cellular energetic and metabolic status is strongly influenced by the production of
reactive oxygen species (ROS), whose concentration determines the redox status of cells. ROS are signalling
molecules in small concentrations that regulate stress-responsive gene expression [16]. Overall accumulation
of ROS strongly influences redox processes in plants, creating localized oxidative environment mainly as a
toxic byproduct of metabolism [17], especially in senescence when increased oxidative damage to cellular
macromolecules occurs mainly due to hydrogen peroxide and superoxide anion radicals [18]. Since plant
ageing increases oxidative stress and ROS levels, the antioxidant protection may weaken. Various enzymatic
and non-enzymatic antioxidant defences control the level of ROS. The main enzymatic components are
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enzymes of the ascorbate-glutathione cycle, i.e., superoxide dismutases, peroxidases, and catalases [19,20].
Moreover, polyphenols, as a significant group of bioactive compounds, are involved in ascorbate-dependent
antioxidative mechanisms in the regulation of ROS in plants, while flavonoids, amongst other phenolic
compounds, are chelating agents with strong oxidant capacity, participate in lipid peroxidation [21].

To understand the physiological status, i.e., viability of sunflower leaves, we intended to assess the
differences between sunflower leaf positions by evaluating the trends of enzymatic and non-enzymatic
antioxidative parameters and photosynthetic performance in field environmental conditions during the
flowering stage. We are intrigued by the antioxidant status, photosystem I (PSI), and photosystem II (PSII)
energy transfer, as well as the structural and functional changes at the acceptor and donor site depending on
the positioning of the leaf, i.e., its leaf senescence in the flowering stage of the sunflower.

2 Materials and Methods
2.1 Plant Material

The experiment was carried out in a field trial of the sunflower hybrid Luka at the Agricultural Institute
Osijek. Luka is a self-bread hybrid of the Agricultural Institute Osijek. It is a two-line, mid-early hybrid
with a growing season lasting between 115 and 120 days. It is characterized by a strong stem, high genetic
potential for grain yield (6 t/ha), and oil content (51%-53% dry mass). Hybrid Luka can be grown in different
agroecological conditions. It tolerates drought and the most significant sunflower diseases. Luka is a suitable
choice because the optimal height of plants characterizes it with a sufficient number of developed leaves
on the stem, allowing good air circulation at typical planting densities. The experiment was arranged in
four rows and replicated three times. Two sunflower seeds were manually sown at a depth of 4 cm in sandy
clay loam soil. The rows were 5 m long, with a spacing of 70 cm between rows and 23 cm between plants
within the rows. During the experiment, all of the agrotechnical measures were performed by following the
recommendations and requirements of sunflower cultivation.

The hybrid Luka is characterized by about 16 leaves, of which a total of 8 leaves were analyzed. The labels
Ist, 3rd, 5th, 7th, 9th, 11th, 13th and 15th leaves were used to explain the results (Fig. 1). The first three leaf
positions (Ist, 3rd, and 5th) represent young leaves, the second three (7th, 9th, and 11th) represent mature
leaves, and the last two positions (13th and 15th) represent the oldest, i.e., senescent leaves.
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Figure 1: Leaf positions on the stem of hybrid Luka
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2.2 Measurements and Sampling

The measurement and tissue sampling for laboratory analysis were carried out in the generative
flowering stage (R3/R4) when all the leaves of the plants had developed [22]. Measurements and sampling
were done on the second and third rows of plants in the middle rows from 7:30 to 8:30 a.m. on every second
leaf on the stem, starting from the top of the plants and moving towards the root. The first leaf represented the
first fully developed leaf under the sunflower’s head. After that, every second leaf going from top to bottom
is tested. The leaves on which the measurement was performed were taken for further laboratory analyses.
The average temperature of all the sunflower leaves was 22.1°C during the measurement and sampling.
No statistically significant difference in leaf temperature was found between the leaves’ positions on the
sunflower’s stem (data not shown). The measurement and tissue sampling were done in July 2021.

2.3 Chlorophyll a Fluorescence (ChIF)

Clips were placed on leaves for 30 min to achieve dark conditions before ChlF measurement. ChlF was
measured on each second leaf on six plants per repetition (18 plants in total per leaf position) by a plant
efficiency analyzer (Handy PEA, Hansatech Instruments Ltd., Norfolk, UK). The leaves were applied with a
saturation pulse of actinic red light (650 nm) at 3500 umol/m?s maximum intensity. ChIF data of one-second
measurements were used to calculate JIP-test parameters (Table 1) for this research, according to Strasser
etal. [23], Yusuf et al. [24], and Stirbet and Govindjee [25]. Fast chlorophyll fluorescence rise was visualized
as native and relative variable fluorescence (Vt) curves on a logarithmic scale.

Table 1: Definitions of tested JIP-test parameters

Abbreviation Description
ABS/RC Absorption flux per active reaction centre (RC)
DIy/RC Dissipation flux per active RC
TRy/RC Trapping flux per active RC
ETy/RC Electron transport flux per active RC
RE(/RC Electron flux reducing terminal electron acceptors at the photosystem I
(PSI) acceptor side per RC
TRy/ABS; 9P, Maximal photochemical quantum yield
ET,/TRO; yE, The probability that a trapped exciton moves an electron into the electron
transport chain beyond the primary quinone acceptor (Qa)
ETy/ABS; ¢E, Quantum yield for electron transport
RE,—ETy; 6Rg The probability that an electron is transported from reduced PQ to the
electron acceptor side of PSI
RE(/ABS; ¢Rg Quantum yield of electron transport from Q4™ to the PSI end electron
acceptors
RC/ABS Density of RC on chlorophyll a basis
TRy/DJ Flux ratio trapping per dissipation
ETo/(TRy-ETy) Electron transport from Q4™ to intersystem electron acceptors
Plags Performance index on absorption basis
dRy/(1-6Ry) Electron transport from plastoquinol (PQH,) to final photosystem I (PSI)
acceptors
Pliotal Performance index for energy conservation from exciton to the reduction

of PSI terminal acceptors
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2.4 Tissue Homogenization for Laboratory Analyses

Fresh leaf material was sampled for laboratory analyses after ChlF measurements. Half of the collected
sample was powdered in liquid nitrogen using Mill All (IKA, Konigswinter, Germany) and used for
analyses of lipid peroxidation (malondialdehyde—MDA content), hydrogen peroxide (H,O,), proline and
soluble protein content as well as for enzymatic activities and photosynthetic pigments determination. The
remaining part of the sample was freeze-dried and milled by a centrifugal mill ZM1 (Retsch, Haan, Germany)
prior to analyses of total phenolics, flavonoids, and antioxidant activity.

2.5 Photosynthetic Pigments

Photosynthetic pigments were extracted from fresh, powdered sunflower leaf tissue using absolute
acetone. The concentrations of chlorophyll a, chlorophyll b, carotenoids (Car), and the Chl a/b ratio were
calculated based on absorbance values at 470 nm, 647 nm, and 663 nm, using the equations provided
by Lichtenthaler [26]. Absorbance was measured with a Specord 200 spectrophotometer (Analytik, Jena,
Germany), using acetone as the blank. Pigment concentrations were expressed in milligrams per gram of
fresh weight (mg/g FW).

2.6 Lipid Peroxidation and Hydrogen Peroxide Content

Lipid peroxidation and hydrogen peroxide (H,O,) content were determined in extracts prepared from
homogenized fresh tissue powder (0.1 g) with 0.1% (w/v) trichloroacetic acid (TCA) (1 mL). After 15 min in
an ice bath, the homogenate was centrifuged (Universal 320R, Hettich, Germany) for 15 min at 14,000x g at
4°C.

Lipid peroxidation was determined by measuring malondialdehyde (MDA) levels using the thiobarbi-
turic acid (TBA) assay, as described by [27]. For the analysis, 0.5 mL of supernatant was mixed with 1 mL of
0.5% TBA prepared in 20% trichloroacetic acid (TCA), and the mixture was incubated at 95°C for 30 min.
After incubation, the samples were cooled and centrifuged at 14,000x g for 15 min at 4°C. The resulting
supernatants were used to measure absorbance at 532 nm and 600 nm with a Specord 200 spectrophotometer
(Analytik Jena, Jena, Germany), using a reagent blank (0.5% TBA in 20% TCA). MDA content was calculated
using an extinction coefficient of 155 mM™ cm™
(nmol/g FW).

The H, O, content in extracts was quantified by the potassium iodide method [28]. The reaction mixture
consisted of 0.25 mL of 10 mM potassium phosphate bufter (pH 7.0), 0.5 mL of 1 M potassium iodide and 0.25
mL of sample extracts. After 20 min of dark incubation, the absorbance of the reaction mixture was read at
390 nm in an Epoch microplate spectrophotometer (Bio-Tek, Bad Friedrichshall, Germany). H,O, content
was expressed as pimol/g FW based on the H, O, calibration curve.

and expressed as nanomoles per gram of fresh weight

2.7 Proline Content

Free proline content was determined using ultrasound-assisted extraction, according to the method
described by [29]. Precisely 0.1 g of fresh powdered tissue was homogenized in 1 mL of 80% (v/v) aqueous
ethanol and subjected to sonication for 60 min at 25°C in a thermostat-controlled ultrasound bath (Sonorex
RK 510H, Bandelin Electronic, Berlin, Germany). After extraction, the samples were centrifuged at 14,000x g
for 10 min at 4°C, and the resulting supernatant was collected for analysis. For the colourimetric reaction,
50 pL of the extract was mixed with 100 pL of a reaction mixture containing 1% (w/v) ninhydrin, 60% (v/v)
acetic acid, and 20% (v/v) ethanol. The mixture was then heated at 95°C for 20 min in a heating block. After
cooling to room temperature, the samples were briefly centrifuged (1 min at 2500x g), and 100 pL of the
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reaction mixture was transferred to a polypropylene microplate. Absorbance was measured at 520 nm using
an Epoch microplate spectrophotometer. Proline concentration was calculated using a standard curve and
expressed as pmol/g fresh weight.

2.8 Soluble Protein Content and Enzyme Activities

Crude proteins were extracted from approximately 0.2 g of fresh powdered tissue using 1 mL of
extraction buffer consisting of 100 mM potassium phosphate buffer (pH 7.0), supplemented with 5 mM
ascorbic acid, 0.1 mM EDTA, and 3% (w/v) polyvinylpyrrolidone (PVP). The homogenate was kept on ice
for 15 min and then centrifuged at 14,000x g for 15 min at 4°C. A second extraction with an additional 1 mL
of the same buffer was performed, and the resulting supernatants were pooled. These pooled extracts were
used to determine enzyme activities and soluble protein content. Five separate extractions were performed
for each sample, and all enzyme activity measurements were conducted in at least duplicate. Enzyme kinetics
were monitored and recorded using a Specord 200 spectrophotometer (Analytik Jena, Germany). Enzyme
activities were expressed as nkatal/mg ,rotein, representing the catalytic conversion of 1 nanomole of substrate
per second per milligram of protein.

Soluble protein content was determined using the Bradford assay [30]. After homogenization of 10 pL
of crude protein extract, 40 pL of dH, O, and 1 mL of Coomassie Brilliant Blue reagent, the reaction mixture
was kept at room temperature, and after 7 min, an absorbance reading at 595 nm was taken in an Epoch
microplate spectrophotometer. The soluble protein content was expressed as mg/g FW and used to calculate
and express enzyme activities in the same crude extract based on the BSA calibration curve.

Guaiacol peroxidase (GPOD) activity was measured according to Siegel and Galston [31]. By adding
100 pL of crude protein extract to 900 uL of a reaction mixture containing 5 mM guaiacol and 5mM H, 0, in
0.2 M phosphate bufter, pH 5.8, the enzymatic reaction was initiated. The absorbance of tetra-guaiacol was
monitored at 470 nm for 1 min and used to calculate GPOD activity. The Nakano and Asada method [32]
traced ascorbate peroxidase (APX) activity. The enzymatic reaction was initiated by adding 10 pL of 12 mM
H,0, in 990 pL of the reaction mixture (935 pL 50 mM potassium phosphate buffer (pH 7.0) with 0.1 mM
EDTA, 5 uL 25 mM ascorbic acid, and 50 pL of crude protein extract).

By measuring the initial rate of H,O, degradation, catalase (CAT) activity was examined [33]. Enzyme
kinetics were initialized by extracting 20 pL of crude protein with 980 pL of a reaction mixture consisting
of 50 mM potassium phosphate bufter, pH 7.0, and 20 mM H,0O,. Absorbance at 240 nm was measured for
one minute.

The activity of polyphenol oxidase (PPO) was determined as a rate of oxidation of pyrogallol to quinones
at 40°C measured as an increase in absorbance at 430 nm over two minutes [34]. The enzymatic reaction
started with the addition of 10 pL of crude protein extract to the reaction mixture (890 uL of 100 mM
potassium phosphate buffer, pH 7.0, and 0.1 mL of 0.1 M pyrogallol).

2.9 Bioactive Compounds and Antioxidant Activity

Lyophilized leaf tissue was used for the extraction of total phenols and total flavonoids (bioactive
compounds) by ultrasound-assisted solid-liquid extraction for 60 min at 25°C in a thermostat-controlled
ultrasound bath (Sonorex RK 510H, Bandelin Electronic, Germany). In detail, 0.025 g of lyophilized
powdered tissue was homogenated 1 mL of methanol. After sonification, the sample was centrifuged at
14,000x g at 4°C for 10 min. The supernatant was used to determine total phenols and flavonoid content, and
antioxidant activity.
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The modified Folin-Ciocalteu method [35] was used to determine the total phenolic content. In brief,
the reaction mixture consisted of 10 uL of the extract, 1.59 mL of dH,O, 0.1 mL of Folin-Ciocalteu reagent
(1:1; v/v diluted with water), and finally, 0.3 mL of sodium carbonate solution (20%; w/v diluted with water)
which was added 5 min after first three components. The development of the reaction lasted 30 min in a dark
place at room temperature. Absorbance readings of reaction products were taken at 765 nm in the Epoch
microplate spectrophotometer. The content of total phenolics was expressed as mg of gallic acid equivalents
per g FW (mgGAE/g FW) based on a gallic acid calibration curve (0.05-3 mg/mL).

The modified aluminium chloride (AICl;) colourimetric method [36] was used to assay the sunflower
leaf flavonoid content. A 0.1 mL of extract aliquot was mixed with 0.4 mL of dH,0O and 0.03 mL of NaNO,
solution (5%; w/v diluted with water), 0.03 mL of AICl; solution (10%; w/v diluted with water), 0.2 mL of IM
NaOH and 0.24 mL of dH,O. An Epoch microplate spectrophotometer was used to detect the absorbance of
the reaction product at 510 nm. Total flavonoid content was expressed as mg of catechin hydrate equivalents
per g FW (mgCE/g FW) based on the catechin hydrate calibration curve (0.002-1 mg/mL).

Antioxidant activity was determined using the free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH)
assay [37]. Briefly, 10 uL aliquot of the extract was reacted with 990 uL of the 0.094 mM DPPH methanolic
solution. The reaction mixture was shaken and incubated in the dark for 20 min with a control consisting of
methanol instead of the sample. In an Epoch microplate spectrophotometer, the absorbance of the reaction
mixtures and control mixture was measured at 517 nm. A lower absorbance of the reaction mixture indicates
a higher free radical scavenging activity. The antioxidant activity was expressed as mg of Trolox equivalents
per g FW (mgTE/g FW) based on the Trolox calibration curve (0.1-2 mM).

2.10 Phenolic Acids Content

The extraction of phenolic acids was performed by mixing 0.1 g of lyophilized leaf tissue with 4 mL of
acidified methanol (80% v/v; 0.1% HCI v/v). After 2 min of vortexing, the reaction mixture was sonicated
for 10 min, following agitation in a tube rotator for 1 h at room temperature (KS 260 basic, IKA, Staufen,
Germany) and centrifugation at 5000x g for 10 min. The supernatant was filtered with a 0.2 um pore size
nylon filter and stored at —20°C until analysis. The high-performance liquid chromatography with diode-
array detection (HPLC-DAD) of samples revealed the presence of three hydroxycinnamic acids (caffeic,
p-coumaric, and ferulic) on the Kinetex Core-Shell RP-C18 column (150 x 4.6 mm, 100 A, 5 um). Peaks were
identified by comparing their relative retention times and diode array absorption spectra at 275 nm with
those of the standards (Sigma-Aldrich, Saint Louis, MO, USA) and quantified using a five-point external
calibration curve (R? > 0.999). All extraction procedures and phenolic acids composition analysis of each
extract were duplicated.

2.11 Statistical Analysis

The ChlF parameters and laboratory analyses were calculated and visualized in Microsoft Excel. A one-
way ANOVA for ChIF (n = 144), lipid peroxidation (MDA), H,O,, protein, pigments, enzymes (n = 40),
and phenol, flavonoid, DPPH, DW (n = 24) was used to determine the statistical differences between leaf
positions on plants, which was followed by the Tukey’s post hoc honest significant difference (HSD) test at
p<0.05.
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3 Results
3.1 Chlorophyll a Fluorescence (ChlF)
3.1.1 ChIF Curves

Chl fluorescence kinetic curves of sunflower leaves showed a typical O-J-I-P phase from the 1st to the
13th leaf. However, from the 13th to the 15th leaf, at the Chl fluorescence kinetic curves appeared K-phase for
about 300 ms and showed a typical O-K-J-I-P shape (Fig. 2a,b). Also, the curves for the 13th and 15th leaves
deviate from the typical appearance of the curves in both the J and I steps.
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Figure 2: Native (a) and relative variable—Vt (b) chlorophyll a fluorescence transient curves in the differentially
positioned sunflower leaves (1st-15th). Each curve represents the average kinetics of 18 biological replicates per leaf
position

3.1.2 ChIF Parameters

Analysis of variance confirmed that the position of leaves on a sunflower plant stem significantly
influenced all tested ChIF parameters.

ABS/RC and TRy/RC behaved equally (Fig. 3a,c). Their activity was lower in younger leaves compared
to the last two positioned leaves (senescent leaves) when their value increased, while DI;/RC increased only
in the last (15th) leaf (Fig. 3b). ETo/RC showed a parabolic movement of values from the youngest to the
senescent leaf, with the first and last leaf having the highest ET,/RC values (Fig. 3d). Furthermore, RE;/RC
showed a linear decrease in value from the top to the bottom of the plant, i.e., from the Ist to the 15th leaf
(Fig. 3e). The only parameter that did not show any behavioural trend is TRy/ABS, which remained at equal
values regardless of the leaf position on the plant stem (Fig. 3f). ETy/TRy and ET,/ABS values have the same
behaviour trend (Fig. 3g,h), where, more precisely, higher values were from the Ist to 5th leaf, after which
they decreased. The REy—ET, and RE;/ABS values (Fig. 3i,j) were higher in the leaves in the upper half than
in the plant’s lower half. Their values decreased with the leaf’s senescence.
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Figure 3: Flux ratios and quantum efliciencies parameters of chlorophyll a fluorescence in the differentially positioned
sunflower leaves (1st-15th): absorption flux active per reaction centre (RC)—ABS/RC (a), dissipated energy flux per
active RC—DI/RC (b), trapping flux per active RC—TRy/RC (c), electron transport flux per active RC—ET,/RC (d),
electron flux reducing end electron acceptors at the PSI acceptor side per RC—RE(/RC (e), maximal photochemical
quantum yield—¢P, (f), the probability that a trapped exciton moves an electron into the electron transport chain
beyond redox state of primary quinone acceptor (Qa~)—WE, (g), quantum vyield for electron transport—gE, (h), the
probability that an electron is transported from reduced PQ to the electron acceptor side of PSI—0Ry (i), quantum
yield of electron transport from Q4™ to the PSI end electron acceptors—¢Ry (j). Different letters determine significant
differences at p < 0.05

The values of RC/ABS move parabolically according to the senescence of the leaves from the top to
the bottom of the plant (Fig. 4). TRy/DIj values are approximately equal regardless of the leaf’s position on
the plant (Fig. 4b). ETo/(TRy—ET,) and Plsps have the same behaviour trend of values depending on the
maturation of the leaves (Fig. 4c,d). Their values are higher in the young and mature leaves compared to
the senescent leaves. Also, the parameters 6Ry/(1-6Ry) and Pliot,) showed the same behaviour trend starting
from the top positioned leaves towards the bottom, decreasing from the 11th leaf, i.e., senescent leaves to the
15th leaf.
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Figure 4: Quantum efficiencies and performance index parameters of chlorophyll a fluorescence in the differentially
positioned sunflower leaves (1st-15th): RC/ABS—density of RC on chlorophyll a basis (a), TRy/DIy—flux ratio trapping
per dissipation (b), ET,/(TRy—ETj)—electron transport from Qs to intersystem electron acceptors (c), PIyps—
performance index on absorption basis (d), dRy/(1-0Ry)—electron transport from plastoquinol (PQH,) to final
photosystem I (PSI) acceptors (e) and Pl;,,j—performance index for energy conservation from exciton to the reduction
of PSI terminal acceptors (f). Different letters determine significant differences at p < 0.05

Photosynthetic pigments, i.e., chlorophyll a (chl a), chlorophyll b (chl b), and carotenoids (car), show
the same behaviour pattern (Fig. 5). The photosynthetic pigment content follows a parabolic trend, peaking
at mid-height and decreasing towards both the top and base of the plant. The young and senescent leaves
have a lower content than the mature leaves. The 7th and 9th leaves have the highest chl a, chl b, and car
content. The ratio of chl a and b decreased linearly from the highest to the lowest leaf on the stem, in contrast
to car, which did not show the same behaviour pattern.
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Figure 5: The content of chlorophyll a—chl a, chlorophyll b—chl b, carotenoids—car (on the primary axis), and
chlorophyll a/b ratio—chl a/b (on the secondary axis) in the differentially positioned sunflower leaves (Ist-15th).
Different letters determine significant differences at p < 0.05
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3.2 Enzymatic and Non-Enzymatic Antioxidative Compounds

Analysis of variance confirmed that the position of the leaf on a sunflower plant stem has a significant
influence on lipid peroxidation (malondialdehyde—MDA), hydrogen peroxide (H,0,), soluble proteins,
phenols, flavonoids, antioxidant activity (AOA), and antioxidative enzymes (GPOD, APX, CAT, and PPO).
Proline content is the only trait that did not differ per leaf position.

The MDA content, starting from the top of the plant in the first young leaf, was lower and was increased
in mature leaves until leaves 9th and 11th, when it decreased with senescent leaves (Fig. 6a). After that, it
again reached a high value in the lowest-positioned, i.e., senescent leaves. Opposite MDA content, H,O, was
higher from the youngest to the mature leaves, and after the 9th leaf, H,O, content was reduced (Fig. 6b).
The soluble protein content behaved similarly to the MDA content, as observed from the same behaviour
patterns. The protein content was low in the 1st leaf, as well as in the 11th and 13th leaf. It increased from the
3rd to the 11th leaf and again in the last, the 15th leaf.
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Figure 6: The lipid peroxidation—MDA (malondialdehyde) and soluble proteins content (a); proline and hydrogen
peroxide—H,0, content (b) in the differentially positioned sunflower leaves (I1st-15th). Different letters determine
significant differences at p < 0.05

Guaiacol peroxidase (GPOD) activity decreased from the youngest to the senescent leaf (Fig. 7a). The
enzymes ascorbate peroxidase (APX) and polyphenol oxidase (PPO) had a similar trend according to the leaf
position on the plant (Fig. 7b,d). The first young leaf and the leaves at the bottom of the plant, from the 9th
to the 15th, had a higher APX and PPO enzyme activity. The lowest enzyme activity values were from the
3rd to the 7th leaves. Contrary to APX and PPO, catalase (CAT) activity was just the highest on the mature
leaves of the plant (Fig. 7¢).
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Figure 7: The activity of guaiacol peroxidase—GPOD (a), ascorbate peroxidase—APX (b), catalase—CAT (c), and
polyphenol oxidase—PPO (d) in the differentially positioned sunflower leaves (I1st-15th). Different letters determine
significant differences at p < 0.05

The content of total phenols (TP) and flavonoids (TF), as well as antioxidant activity (AOA) in leaves,
decreased linearly from the top to the bottom of the plant (Fig. 8a). The first two leaves from the top of
the plant, the youngest leaves, have the highest content of phenols and flavonoids, and antioxidant activity
correlated with the mentioned contents of bioactive substances. The highest contents of all quantified
phenolic acids are found in the top part of the plant in young leaves (Fig. 8b). In the mature leaves (7th-11th),
it falls to the lowest level and rises in senescent leaves (13th-15th).

3.3 Relationship between Parameters

Principal component analysis (PCA) was performed to understand the relationships between traits and
their distribution according to leaf position on the stem. Based on the PCA results performed from the
correlation matrix, the first two extracted principal components explained 82.59% of the total variance. The
PCl accounted for 52.28%, and PC2 for 30.31% of the variance in the dataset (Fig. 9a,b). According to PC
coordinates of the variables, based on correlations, ChlF parameters per RC, with RE;/RC as an exception,
were grouped as a strong positive correlation along PCl1, while most other ChlF parameters negatively
influenced PCI. Only ¢P, and TR(/DI, determined distribution along PC2 as a strong negative correlation.
Bioactive compounds determined a high negative position along PC1, with FA as an exception, which highly
positively influenced PC2. H,O, and MDA had high positive and APX negative impacts on PC2, while CAT
and GPOD determined PC1. Chl a and Chl a/b were informative variables for PC1, while Chl b negatively
correlated with PC2.
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4 Discussion

The leaf is a dynamic organ driven by both internal (genotype) and external (environmental) conditions
that form specific phenotypes manifested through the response, adaptability, and self-regulation ability of
plants in constantly changing environments [38]. Since the leaves are the main photosynthetic organ, they
determine the plant growth rate and health condition. The easiest way to follow this dynamic is through the
physiological processes in the leaf.

4.1 Chlorophyll a Fluorescence (ChlF) and Photosynthetic Pigments

Fast ChlF induction kinetic curves were used to study the PSII characteristics of the sunflower leaves
at different developmental stages in this research. Curve deviations were observed on the senescent leaves
(13th and 15th) compared to young and mature leaves. Given that the appearance of the K step during
leaf senescence indicates damage to the oxygen-evolving complex (OEC), previously proven in induced
senescence but not in natural leaf senescence [39], it can be said that in this case, the OEC is damaged during
the natural senescent leaves (13th and 15th) of sunflower. Namely, during leaf senescence, the intensity of
ChIF increases after a very short period (before step J), and the K step appears, indicating damage to the
PSII donor site [40,41], which was the case in this study. Also, the deviations in the ] and I steps indicate the
influence of the natural senescence of the senescent sunflower leaves in this research.

According to the ChlF parameters of energy flow in PSII per reaction centres (ABS/RC, DIy/RC, and
TRy/RC), young and mature leaves showed equal activity, which increased in senescent sunflower leaves.
ET,/RC was highest in young and senescent leaves, while a slight decrease in electron transport was observed
in the mature leaves when higher pigment content was recorded. In addition, REo/RC descends linearly from
the youngest to the senescent leaf, indicating disturbances in the electron transport energy flow to PSI [42].
The increase in ABS/RC and DIy/RC during leaf senescence was in accordance with the results proven by
Tang et al. [43] and Tang et al. [39], while the increase in TRy/RC and ET(/RC in this study was contrary to
their results indicating a higher rate of RC electron capture, thereby converting more the primary electron
acceptor in photosystem II, primary quinone acceptor (Qy), to redox state of primary quinone acceptor
(Qa™) [44]. In other words, the rates for transporting electrons were affected by the senescence. Also, the
quantum vyield of primary photochemistry (¢P,) was slice affected by leaf senescence, which is following
the results of Cechin et al. [45], who found no difference in ¢P, between young and mature sunflower
leaves in both well-watered and water-stressed conditions. The senescent leaf showed the lowest ¢P, value,
although it was not statistically significantly different from the other leaves, except for the 6th-positioned leaf.
Despite the drop in the ¢P, value in senescent leaves, the quantum yield was not impaired because the leaves
maintained a high ¢P, value (0.83). Small changes in ¢P, values in this study proved no inhibition of PSII
photochemical efficiency, which was also confirmed by Spanic¢ et al. [46] in the grain-filling stage of wheat on
the senescent flag leaf. According to the literature, P, values in plants range from 0.80 to 0.83 [47]. However,
sunflowers under stress-free cultivation conditions are characterized by high ¢P, values [48], which were also
determined in this research on mature leaves (from 7th to 13th leaves), where those values were around 0.86.
According to previous research, changes in ¢P, during leaf senescence are diverse and species-specific. Some
studies during the natural senescence process of leaves indicate small changes in P, values [43,49], which
was the case here, while others show a decrease in ¢P, values with senescence [50]. Besides, leaf senescence
decreases the quantum yield of electron transport after Q4 (?%y) and the efficiency per trapped excitation
(vEp) in the senescent leaves. These parameters indicate relevant information about the electron transport
activity at the PSII acceptor sites [40]. Therefore, those decreased values indicate decreased electron transfer
rates between Q4 and secondary quinone acceptor (Qg), which was established earlier by Tang et al. [43] and
Sitko et al. [51].
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Furthermore, the only tested parameters that showed a decrease from young and mature to senescent
leaves are those related to PSI (REy/RC, 6Ry, and ¢Ry). §Ry and @R refer to electron flow from plastoquinol
(PQH,) to the PSI end electron acceptors, which are compromised with the senescence of the sunflower
leaves. Also, as expected, TRy/DI, by leaf senescence was consistent with the behaviour of ¢P, values.
Likewise, ETy/(TRy — ETy) values were in accordance with the behaviour of ET,/TR, depending on young,
mature, and senescent sunflower leaves. The above two parameters (TRy/DI, and ETy/(TRy — ETj)) and
RC/ABS, whose values were similar in young and mature leaves but decreased in senescent leaves, comprise
the PIyps parameter. PI5ps is a sensitive parameter that detects changes in photosynthetic efficiency, which
was also the case in this study. Namely, in young and mature leaves, P15 ps values were higher than in senescent
leaves. This confirms that PIyggs is a more sensitive parameter than ¢P, during the natural senescence of
leaves. The above was also proven in the research of Viljevac Vuleti¢ and Spanié¢ [52] during the natural
senescence of wheat leaves. In this research, parameters RE)/RC, §Ry, ¢Ry, §Ro/(1 — 6Ry), and PItotal showed
to be more sensitive parameters than Plaps.

From the ChIF results, PSI in sunflower leaves seems more sensitive than PSII. According to ChlF
parameters connected to PSII processes, young and mature leaves are statistically equal (from 1st to 13th),
and significant changes occur only in senescent leaves. In contrast, the PSI describing parameters show a
linear decrease according to the senescence of the leaves, with the young leaf having the highest values and
the senescent the lowest. According to the literature dealing with the effect of leaf senescence on PSIand PSII,
various physiological changes have been determined. Studies during leaf senescence show a preferential loss
of either PSI or PSII or both in parallel. The difference between the stability of PSI and PSII was found to be
genetically dependent on the species and variety [53].

A dynamic of photosynthetic pigments in the leaf varies through the leaf life cycle, reaching its
maximum at full maturity [54], which coincides with maximal ¢P, [55]. The onset of leaf senescence is char-
acterized by chlorophyll reduction in sunflower plants and can be used as an indicator of senescence [9,56].
The senescence process is closely linked to chlorophyll degradation and reduced green pigmentation [57]. In
this study, the highest content of chlorophylls, individual and total, was found in mature leaves, corroborating
with Agiiera et al. [5] and Sairam et al. [54]. A significant reduction during senescing in the chl a/b ratio,
found here, is also corroborated by results from previous studies [5,43].

This study observed visual leaf senescence on the lower leaf as early as the flowering stage. Senescence
is regulated by a combination of genetic and environmental factors that strongly influence crop yield.
Numerous studies have shown that delaying leaf senescence can significantly contribute to maintaining
photosynthetic activity during grain filling, thereby increasing yield and seed quality in various crops,
including sunflowers [58-61]. For this reason, the suitability for breeding sunflower hybrids with higher
yields is contributed by breeding stay-green hybrids that allow for later senescence so that plants during the
grain-filling stages can achieve higher yields.

From an agronomic point of view, delaying leaf senescence offers a promising way to increase sunflower
yield by maximizing photosynthetic efficiency during critical developmental stages. Understanding and
implementing strategies to manage the timing and progression of senescence can contribute to sustainable
yield improvements under different environmental conditions.

4.2 Enzymatic and Non-Enzymatic Antioxidative Compounds

The leaf life cycle is characterized by dynamic changes in metabolites, especially with the imbalance of
ROS production and scavenging, which occurs as a response to external (environmental) conditions. Stress
indicators assessed sunflower leaves” physiological status at different levels along the stem. In this study,
higher levels of MDA in the part of young and mature leaves and high values in senescent leaves indicate an
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oxidative change in sunflower leaves. These results are inconsistent with the statement that MDA, together
with Chl content, is used as a valid indicator of leaf senescence, as MDA always increases significantly during
the senescence process [39,53]. In the research of differential responses between mature and young leaves
of sunflower plants to oxidative stress caused by water deficit, the authors found a higher concentration
of MDA in control and water-stressed young leaves of sunflower than in mature leaves [62]. On the other
hand, H,O, values were statistically approximately the same in mature as in senescent sunflower leaves in
this study, even though the values of H,O, normally increase in senescence [63,64], as H,O, down-regulates
chlorophyll synthesis accompanied with inhibition of CAT gene expression [65]. Although H,O, indicates
stress in plants [66], slightly higher values in higher-positioned leaves than in lower leaves did not cause
proper changes according to their behaviour in the leaf senescence process.

Accumulating proline as a compatible osmolyte is a basic strategy for protecting and surviving plants
under abiotic stress [67]. Osmotic adaptation involves accumulating various species and compounds that
depend on the senescence of the leaf. Determining equal proline levels in all sunflower leaves in this study,
regardless of their position on the stem, indicates its stability. Cechin et al. [45] examined the proline content
of young and mature leaves of sunflower plants under water deficit. A significant increase in proline content
was observed in both mature and young stressed leaves. Young stressed sunflower leaves synthesized almost
seven times more proline than non-stressed leaves, while mature stressed leaves synthesized only four times
more proline. They also found similar proline content in young and mature sunflower leaf control plants.

Proteins soluble in the leaf are the dominant nitrogen source for remobilization [68]. They are rapidly
degraded already in the early phase of leaf senescence. The data presented here show that the protein content
in mature leaves was high and decreased with senescence, but in the oldest leaf, it increased, probably because
of the massive degradation of chloroplast complexes [12,69]. Leaves after the 7th leaf are impaired in the
breakdown of soluble proteins and consequently experience reduced nitrogen remobilization, indicating
their senescence. Conversely, a linear decrease in protein content from the youngest to the oldest sunflower
leaf was already determined on sunflower leaves [54,63,64], suggesting their degradation. Agiiera et al. [5],
in the study of the effect of N, proved the negative effect of leaf senescing on the protein content of
sunflower leaves.

Detoxifying, i.e., antioxidative enzymes, is one of the mechanisms that plants use to obtain metabolic
homeostasis and counterbalance ROS [70]. Antioxidative enzymes normally control the levels of MDA and
H,0O,, but in this study, no link was found between the activities of GPOD, APX, CAT, and PPO enzymes
depending on the position and, therefore, maturity of sunflower leaves. Namely, the mentioned enzymes’
insufficient activities for the removal of ROS were found. APX and PPO were highest in the first leaf (the
youngest leaf) and from the 9th to 13th leaves. GPOD decreases with the senescence of the leaves. It has
been proven before that the APX and CAT activities were higher in young than in senescent leaves, while
peroxidase showed lower activity in young than in senescent sunflower leaves [54]. Of the mentioned
enzymes, only the behaviour of the CAT depending on the leaves” ageing was in accordance with the results
of previous research [55,64,65], which means that they decreased with the senescence of sunflower leaves.

Fluctuations in the polyphenols content of sunflower plants, and therefore, sunflower leaves, are
influenced by different growth stages and environments [71]. The decrease of phenolic compounds (TP and
TF) from young to senescent leaves, found in our study, correlates with the literature on common fig and
tea tree plants [72,73]. Phenolic compounds have hydrogen-donating potential and act as singlet oxygen
quenchers, reducing agents, metal binders, and free radical scavengers, which enables them to quench free
radicals. This property is based on their antioxidative activity in the regulation of ROS metabolism during
growth or maturation [74]. This study found a similar decreasing trend in antioxidant activity with TP and TF,
but according to Nadeem and Zeb [72], this correlation was opposite in common fig leaves, more precisely,
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negative. Phenolic acids were found to be major phenolic classes in sunflower seeds [75,76]. Therefore, we
tracked phenolic acid content in sunflower leaves and found that CA, FA, and p-COA content was highest in
young leaves. In mature leaves, they were present in smaller quantities but increased again in senescent leaves,
which implies their possible later relocation in seeds at the grain-filling stage as a predominant phenolic
compound [75,76] or/and as a scavenger molecule in ROS elimination [74].

4.3 Relationship between Parameters

In this study, PCA revealed that young leaves were better discriminated against based on the data
on bioactive compounds, CAT and GPOD activity, and ChlF parameters describing quantum yields and
the stability of PSI. Mature leaves were characterized by stabile Py and TRy/DIy, as well as a negative
correlation with MDA, suggesting successful metabolism and the absence of oxidative stress. PCA proved
that photosynthetic pigments corroborate with maximal ¢Py in fully mature leaves [54,55]. However, as we
previously suggested, senescent leaves were determined by a positive correlation with ABS/RC and DI,/RC.
PCA also confirmed our conclusions that PI5ps is a more sensitive ChlF parameter than ¢Py [52], as well as
Pliotal and parameters related to PSI (REq/RC, 6Ry, ¢Ry, 6Ro/(1 — 6Ryg) [48].

5 Conclusions

Leaf maturation is a controlled process. This research determined that sunflower leaves’ natural
ageing begins in the flowering stage, depending on their position on the stem. Results suggest that the
photosynthetic apparatus remains stable during leaf maturation. The lowest, i.e., the oldest, leaf already in
the flowering stage showed photosynthetic pigment degradation and disturbances in PSI and, therefore,
impaired photosynthesis. Degradation of soluble proteins, TP, TF, and AOA with the decrease of enzyme
activity and increase in MDA indicated metabolic changes characteristic of leaf senescence.

Beyond these mechanistic insights, the findings in this investigation have direct agronomic relevance.
Management practices, such as targeted nutrient or antioxidant supplementation, can be tailored to sustain
overall canopy photosynthesis and extend the productive lifespan of leaves by pinpointing physiological
differences among leaves at different stem positions. Moreover, these data provide a valuable framework
for breeding and biotechnological efforts to develop “stay-green” sunflower cultivars with enhanced health,
yield stability and stress resilience. Future studies should investigate the genetic regulation of photosystem
maintenance and antioxidant pathways, screen for natural or induced variants that delay senescence and
validate candidate physiological markers under field conditions. Such integrated approaches will accelerate
the translation of leaf ageing biology into sunflower improvement strategies.
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