Article

Sex-Specific Seasonal Trajectories of Photosystem II Function
During Natural Senescence in Ginkgo biloba Revealed by OJIP
Fluorescence Analysis

Fanghao Cheng !, Mei He 2, Xinyuan Lao !, Kaimei Zhang !'* and Dawei Shi 1-*

W) Check for updates ‘

Academic Editor: Baldzs Barna

Received: 26 March 2026

Revised: 12 June 2026

Accepted: 15 June 2026

Published: 25 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

College of Life Sciences, Nanjing Forestry University, Nanjing 210037, China; cth2002@njfu.edu.cn (EC.);
2311801209@njfu.edu.cn (X.L.)

Jiangxi Academy of Forestry, Nanchang 330032, China; sangelgirp1365@126.com

*  Correspondence: kaimeizhang@163.com (K.Z.); sdw1982@njfu.edu.cn (D.S.)

Abstract

Dioecious plants often exhibit sex-specific physiological strategies that influence their
response to environmental change. However, it is not well understood whether such
dimorphism extends to the developmental trajectory of the photosynthetic apparatus
during natural senescence. In this study, we compared the seasonal development and
decline of photosystem II (PSII) function in naturally grown male and female Ginkgo biloba
using non-destructive fast chlorophyll a fluorescence induction kinetics (OJIP) and JIP-test
analysis. Sun-exposed, healthy leaves were sampled at approximately 15-day intervals
from 18 July to 26 November 2024 [day of year, (DOY 188-332)]. The study monitored
chlorophyll content and OJIP-derived parameters, and evaluated sex differences statistically
(p < 0.05). Chlorophyll content began to decline after DOY 268 in both sexes, but decreased
earlier and more rapidly in males. By DOY 332, male chlorophyll content fell to 1.37% of
its level at DOY 268, whereas females retained 9.55%. OJIP fluorescence transient analysis
revealed that AWOj shifted from negative to positive values after DOY 268 in male plants,
accompanied by a sustained increase in the relative variable fluorescence at the J step (V).
This pattern indicates an earlier and more pronounced acceptor-side limitation of PSII
in male plants, associated with accelerated accumulation of QA™ and restricted electron
transfer from QA ™ to QB and the plastoquinone (PQ) pool. In addition, male plants showed
a clearer donor-side limitation, with a pronounced AW response, suggesting reduced
stability of the oxygen-evolving complex (OEC). In contrast, females maintained higher
cross-section-based energy fluxes (TR /CSy, ETy/CSp) and PSIl-end acceptor reduction
capacity (REp/CSp), and exhibited a slower decline in integrated performance indices
(PI abs, PI total, DF abs). Principal component analysis further suggested that male
senescence trajectories were more tightly associated with changes in electron-transport
efficiency, whereas females exhibited a more gradual adjustment in energy-flux allocation.
Collectively, these results reveal pronounced sexual dimorphism in the PSII-PSI functional
decline pathway during natural senescence in G. biloba and provide a physiological basis
for understanding sex-specific variation in photosynthetic decline in this species, with
potential relevance to broader studies of dioecious plants.

Keywords: dioecy; Ginkgo biloba; natural leaf senescence; photosystem II; photosynthetic
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1. Introduction

Dioecious plants represent a distinctive group within the plant kingdom. They play
important roles in maintaining ecological stability and biodiversity. Over the course of
long-term growth and evolution, dioecious plants have developed pronounced sexual
differences in their responses to environmental stresses, with distinct morphological traits
and physiological regulatory strategies often observed between male and female indi-
viduals. For example, under conditions of imbalanced nitrogen (N) and phosphorus (P)
deposition, male and female Populus cathayana exhibit significant sexual dimorphism in
the accumulation of chemical compounds [1]. Therefore, exploring sexual dimorphism
in dioecious plants not only deepens our understanding of the mechanisms underlying
plant growth, reproduction, and environmental adaptation, but also provides an important
theoretical basis for plant breeding, ecological restoration, and biodiversity conservation.

Plant growth and development depend on photosynthesis. Photosynthesis is the
material basis of all material and energy metabolism in the biosphere. It involves a series of
complex photophysical, photochemical and biochemical reactions. Photosystem II (PSII) is
considered the most vulnerable component of the photosynthetic apparatus. During plant
senescence, the photosynthetic rate usually undergoes significant changes [2]. Chlorophyll
fluorescence measurement provides a non-destructive method for detecting the photo-
chemical parameters of PSII. This technique offers an effective approach for studying the
functional status of the photosynthetic electron transport chain and the performance of
PSII during leaf development, and it also provides an important basis for evaluating plant
growth. At present, chlorophyll fluorescence analysis has been widely used to assess the
degree of plant damage caused by biotic and abiotic stresses in many species, including
Oryza sativa [3], Populus euphratica [4], and Valeriana jatamansi [5]. In addition, it has also
been applied in studies of natural plant senescence [6-8].

Ginkgo biloba is one of the oldest tree species on Earth and is often referred to as a
“living fossil” in the plant kingdom. Among extant gymnosperms, Ginkgo biloba, as an
ancient relict species, retains many primitive characteristics. Some of these features are
relatively rare in gymnosperms but are common in ferns [9]. In addition, as a dioecious
plant, male and female individuals of Ginkgo biloba exhibit significant differences in many
aspects. For instance, Li et al. [10] documented significant differences between male and
female trees in diameter at breast height (DBH), clear bole height (CBH), tree height, and
stem volume.

Recent studies have documented sex-specific differences in photosynthetic perfor-
mance and physiological traits of Ginkgo under both stress and natural conditions. Under
salt stress, chlorophyll fluorescence parameters (e.g., Fy/Fy and ®PSII) as well as an-
tioxidant responses have been analysed in Ginkgo seedlings [11]. Previous work has also
shown that male Ginkgo plants exhibit stronger vegetative growth at the seedling stage [12].
However, the developmental dynamics of PSII function during leaf growth and natural
senescence in Ginkgo, and whether PSII functional development exhibits sexual dimor-
phism under natural conditions, remain largely unreported. In this study, non-destructive
OJIP fluorescence induction kinetics and JIP-test analysis were used to systematically char-
acterise PSII development and decline in male and female Ginkgo leaves throughout the
growing season. This study aims to advance understanding of sex-related differences in
PSII functional dynamics during leaf development and senescence in Ginkgo, with impli-
cations for photosynthesis research and for broader comparative studies of physiological
dimorphism in dioecious plants.
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2. Materials and Methods
2.1. Plant Materials and Sampling

This study was conducted using naturally grown male and female Ginkgo biloba trees
at Nanjing Forestry University. Sampling was conducted from 18 July to 26 November
2024 [day of year (DOY) 188-332] at approximately 15-day intervals. For chlorophyll
content determination, healthy and undamaged sun-exposed leaves were newly collected
at each sampling date from mature trees (>20 years old) at the same canopy height and
from the sun-exposed side of the crown. For chlorophyll fluorescence measurements, the
same leaves were monitored across sampling dates as far as possible; when leaf abscission
occurred, a nearby leaf at the original position was selected for subsequent measurements.
Three biological replicates were used for each sex in both measurements, and mean values
were used for subsequent analyses. The climatic conditions recorded during the study
period are presented in Figure 1.
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Figure 1. Monthly mean precipitation (bars) and monthly maximum (red line) and minimum (blue
line) air temperatures.

2.2. Determination of Chlorophyll Content

Chlorophyll content was determined as follows. Fresh leaves were collected, and 0.2 g
of leaf tissue was accurately weighed and cut into small pieces. The samples were extracted
in the dark with 10 mL of an ethanol: acetone mixture (1:1, v/v) at room temperature until
complete decolorization. The absorbance of the extract was measured at 645 and 663 nm
using a UV-Vis spectrophotometer (UV-1800; Shimadzu Corporation, Kyoto, Japan). Total
chlorophyll content was calculated according to the equation described by Li et al. [13]:

Total Chl =20.20 A645 + 8.02 A663- (1)

The final chlorophyll content was expressed on a fresh weight basis (mg g~ FW) and
used for subsequent statistical analysis.
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2.3. Measurement of Chlorophyll Fluorescence and JIP-Test Parameters

Chlorophyll fluorescence of intact Ginkgo leaves was measured using a portable
continuous-excitation chlorophyll fluorometer (Handy PEA+; Hansatech Instruments Ltd.,
King’s Lynn, Norfolk, UK). Measurements were conducted at 10:00 a.m. on the same
leaves across sampling dates as far as possible, with three biological replicates per sex.
When a monitored leaf had abscised, a nearby leaf at the original position was selected for
subsequent measurements. Leaves were dark-adapted for 25 min, followed by illumination
with a saturating red pulse (3000 pmol photons m~2 s~!). The instrument automatically
recorded high-resolution fluorescence signals from 10 ps to 1 s to obtain the O-J-I-P in-
duction transient. OJIP transient signals were processed using PEA+ software (Version:
1.13) supplied with the instrument (Hansatech Instruments Ltd., King’s Lynn, Norfolk,
UK; https:/ /www.hansatech-instruments.com/ (accessed on 12 April 2024)) and Microsoft
Excel 2019 (Microsoft Corporation, Redmond, WA, USA), from which fluorescence pa-
rameters were derived based on JIP-test analysis. Different kinetics of AW; and AW
were obtained from the differences between double-normalized fluorescence curves in the
O-J and O-K phases, respectively. Formulae and definitions for the parameters used are
provided in Table 1.

Table 1. Formulae and definitions of selected JIP-test fluorescence parameters used in this study.
Subscript “0” indicates that the parameter refers to the onset of illumination, when all reaction centers
(RCs) are assumed to be open.

Terms and Formulae

Illustrations

Fo
Fm

Minimum fluorescence yield when all reaction centers are open

Maximum fluorescence yield when all reaction centers are closed

Fluorescence intensity at the J-step of the fluorescence induction
curve

Fluorescence intensity at the K-step of the fluorescence induction
curve

Fluorescence intensity at the I-step of the fluorescence induction
curve

Relative variable fluorescence at phase J of the fluorescence

Vj = (Fj — Fo)/(Fm — Fo)
Vi = (F; — Fg)/(Fm — Fo)

Vi = (Fx — Fo)/ (Fm — Fo)
Wy = (Fx — Fo)/(F; — Fo)
AVip = (Fm — Fj)/(Fm — Fo)
RE/RC =M, (1/Vj(1 = Vj)
Fy/Fy = (Fm — Fo)/Fo
®Py = TRo/ABS = Fy/Fm =[1 — (Fo/Fm)]
®E( =ETo/ABS = [1 — (Fy/Fm)] x (1 - V))
§Ry = (1 — Vi)/(1 — V))

PRy = PPy (1 — Vj) 5Ry
ABS/CSy = Fy
TRQ/CSQ = PPy x (ABS/CSQ)
ETo/CSO = q)PO X 1])0 X (ABS/CSO)
DIy/CSp = (ABS/CSp) — (TRg/CSp)

RE,/CSy = (ABS/CSp) x @Ry

PIabs = (RC/ABS) x [®P/(1 -®P)] x [1ho/(1 — o)]

D.F. = log(PI abs)
PI total = PI abs x [6Rg/(1 — 8R)]

induction curve
Relative variable fluorescence at phase I of the fluorescence
induction curve
Relative variable fluorescence at phase K of the fluorescence
induction curve
Indicator of oxygen-evolving complex (OEC) perturbation
Relative amplitude of the I-P phase
Electron transport from Q-A to the PSI electron acceptors
Ratio of variable to minimal fluorescence, reflecting the potential
activity of photosystem II reaction centers
Maximum quantum yield of primary photochemistry
Quantum yield of electron transport
Efficiency with which an electron can move from the reduced
intersystem electron acceptors to the PSI end electron acceptors
Quantum yield of reduction in end electron acceptors of PSI
Absorption flux of photons per cross section (at t = 0)
Trapped energy flux per cross section (at t = 0)
Electron transport flux per cross section (at t = 0)
Dissipation energy flux per cross section (at t = 0)
Electron flux reducing end electron acceptors at the PSI acceptor
side per cross section
Performance index on absorption basis
Driving force on absorption basis DF abs = log(PI abs)
Total performance index on absorption basis
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2.4. Data Analysis

Chlorophyll fluorescence parameters were calculated using PEA+ software supplied
with the Handy PEA+ fluorometer (Hansatech Instruments Ltd., King’s Lynn, Norfolk,
UK https:/ /www.hansatech-instruments.com/). Data processing and visualization were
carried out using Microsoft Excel 2019 (Microsoft Corporation, Redmond, WA, USA) and
OriginPro 2021 (OriginLab Corporation, Northampton, MA, USA). Statistical analyses
were performed using IBM SPSS Statistics 26.0 (IBM Corp., Armonk, NY, USA). Data
are presented as mean + SE. For chlorophyll content, differences among sampling dates
within each sex were assessed using one-way ANOVA followed by Tukey’s post hoc test
(p < 0.05), and sex differences on the same sampling day were evaluated using independent-
samples t tests. In addition, two-way ANOVA was performed to evaluate the effects of
sex, sampling time, and sex x time interaction on chlorophyll content and chlorophyll
fluorescence parameters across the full sampling period. Principal component analysis
(PCA) was conducted using selected OJIP-derived fluorescence parameters to evaluate
multivariate variation and sex-specific patterns during natural senescence.

3. Results
3.1. Male and Female Differences in Chlorophyll Content of Ginkgo

During the study period, monthly precipitation reached its highest level in September
and then declined markedly, while air temperature decreased progressively from August
to November (Figure 1).

Significant differences in chlorophyll content between male and female leaves were
observed throughout leaf development and senescence (Figure 2). Between DOY 188 and
251, chlorophyll content was consistently higher in male leaves than in female leaves, with
significant differences observed at most sampling dates (DOY 188, 217, and 236). The
chlorophyll content of male plants began to decline from DOY 251, whereas the chlorophyll
content of female plants began to decline from DOY 268. A marked decline in chlorophyll
content became evident from around DOY 268 in both sexes. However, after DOY 268,
chlorophyll content declined more rapidly in male plants than in female plants. By DOY
332, the chlorophyll content of male plants was only 1.37% of that at DOY 268 and 3.46% of
that at DOY 312, whereas the chlorophyll content of female plants was 9.55% and 20.13% of
the values at DOY 268 and DOY 312, respectively.

3.2. Male and Female Differences in OJIP Transients During Natural Senescence in Ginkgo

The measured fluorescence intensities were normalized, and the relative variable
fluorescence curves (Vt) were plotted separately for female and male plants (Figure 3a,d).
Under natural conditions, the fluorescence induction curves of both female and male plants
showed the typical OJIP transient. However, differences among measurement dates were
still observed at specific phases of the curves. During the OJ phase (0.00002-0.002 s), the
separation among the curves measured on different dates was generally more pronounced
in male plants than in female plants. In female plants, the ] step showed a clear increase
on DOY 312 and DOY 332, whereas in male plants, this increase was observed only on
DOY 332. In the JI phase, the curves of male plants showed larger differences among
measurement dates compared with female plants. The fluorescence curves in male plants
were clearly separated in this phase, and some curves displayed an evident elevation. In
contrast, the curves of female plants were more closely grouped in the JI phase and showed
a relatively consistent rise. After DOY 312, the relative variable fluorescence (Vt) of female
plants showed an increase at the J step and a decrease at the I step. In contrast, the curves
near the P step were generally similar among different measurement dates, with only small
differences in the maximal fluorescence level.
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Figure 2. Temporal changes in chlorophyll (Chl) content in male and female samples. Data are
presented as mean & SE (n = 3). Bars of different colors represent male and female samples, re-
spectively. For chlorophyll content data, sex differences on the same sampling day were evaluated
using independent-samples ¢ tests and are indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
Different lowercase letters above the bars indicate significant differences among sampling days within
the same sex, as determined by one-way ANOVA followed by Tukey’s post hoc test (p < 0.05). Bars
sharing at least one common letter are not significantly different.
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Figure 3. Fast chlorophyll fluorescence transients (OJIP curves) and difference kinetics of Ginkgo biloba
leaves measured on different days of year (DOY). Panels (a—c) represent male plants, whereas panels
(d—f) represent female plants. Panels (a,d) show normalized OJIP fluorescence transients V. Panels
(b,e) show difference kinetics of AW,;, calculated as the difference between the double-normalized
fluorescence curves in the O-J phase, and panels (c,f) show difference kinetics of AW, calculated
as the difference between the double-normalized fluorescence curves in the O-K phase. Different
symbols and colors indicate measurements conducted on different DOY, as shown in the legend.

https://doi.org/10.3390/1ife16071060


https://doi.org/10.3390/life16071060

Life 2026, 16, 1060 7 of 16

3.3. Male and Female Differences in AW,; and AW,y of Ginkgo

In male plants, AW,; exhibited pronounced temporal variation. Before DOY 251, AW,
showed negative deviations, whereas after DOY 268 it shifted to positive deviations (except
DOY 298) and reached higher peaks than in females on the same dates (Figure 3b,e). This
temporal pattern coincided with the decline in chlorophyll content in male plants. Female
plants exhibited a smaller AW,; amplitude overall. Although slight deviations from zero
were detectable, peak values were constrained and returned to near zero more rapidly,
and differences among sampling dates were relatively weak. In addition, although female
chlorophyll content began to decline at DOY 268, the AW, response remained small until
DOY 312.

In male plants, AW, exhibited pronounced upward curvature on DOY 268 and DOY
280, whereas positive deviations were also present on DOY 312 and DOY 332 but were more
variable (Figure 3c,f). Female plants did not show obvious sustained upward curvature
in AWy, but exhibited stronger fluctuations and dispersion than males after DOY 298.
Overall, female plants exhibited reduced Kl-phase amplitude and mixed positive and
negative responses.

3.4. Male and Female Differences in Photosynthetic Energy and Electron Fluxes of Ginkgo

During natural senescence, the cross-section-based photosynthetic energy and electron
flux parameters of male and female Ginkgo biloba leaves changed markedly over time, and
the differences between the sexes became more apparent at the later stage of senescence
(Figure 4a,d). DOY 268 was used as the dividing point, and the photosynthetic parame-
ters of male and female plants showed a significant stage change. Before DOY 268, the
chlorophyll content of both male and female plants remained high, and ABS/CS values
were also relatively high. However, the values of ABS/CSy, TR0/CSp, and ETy/CSy in
female plants were higher than those in male plants at this stage. In addition, REy/CSy
remained at a relatively high level in female plants, whereas it showed a decreasing trend in
male plants.

DOY
—=— 188
—e— 206
—a— 217
—v— 236
Vi ——251
—<— 268
——280
—e— 298
—— 312

—— 332

a ABS/CS, b

800

Figure 4. Radar plots of OJIP-derived chlorophyll fluorescence parameters in Ginkgo biloba leaves
measured on different days of year (DOY). Panels (a—c) represent male plants, whereas panels (d—f)
represent female plants. Panels (a,d) show photosynthetic energy and electron fluxes, panels (b,e) show
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photosynthetic performance indices, and panels (c,f) show energy flux and reaction center character-
istics. Different symbols and colors indicate measurements conducted on different DOY, as shown in
the legend.

After DOY 268, the chlorophyll content of both male and female plants decreased, and
ABS/CSg also declined. In male plants, TR/ CSy, ET/CSp, and RE(/CSy decreased rapidly
after DOY 268, whereas DIy /CSy remained at a relatively high level. In contrast, although
ABS/CSy in female plants also showed a decreasing trend, the declines in TRy /CSy and
ETy/CSy were more gradual, and REj/CSy remained relatively higher at the later stage.
From DOY 268 to DOY 332, REy/CSy decreased by 73.11% in male plants and by 67.94% in
female plants. In addition, DI /CSy decreased by only 11.92% in male plants over the same
period, whereas in female plants it decreased by 76.37% (Table S1,52). At the later stage of
senescence, female plants retained relatively higher REy/CSj values, whereas male plants
retained relatively higher DIy/CSy values.

3.5. Male and Female Differences in Photosynthetic Performance Indices of Ginkgo

During DOY 188-251, DF abs, PI total, PI abs, F, /Fy, and F,/Fj in both male and
female plants remained at relatively high levels (Figure 4b,e), and only small changes were
observed with time. Overall, the values of DF abs and PI parameters in female plants were
slightly higher than those in male plants at most measurement dates, indicating that female
plants had higher overall photosynthetic performance. In addition, the parameters related
to the maximum photochemical efficiency of PSII in both male and female plants remained
relatively stable during this stage.

After DOY 268, the above fluorescence parameters in both male and female plants
showed a decreasing trend, but significant differences between the sexes were observed
(Tables S1 and S2). The parameters in male plants showed a rapid decrease after DOY 268.
By DOY 312, DF abs had decreased to negative values, and PI total and PI abs reached the
lowest levels. At the same time, Fy /Fn and Fy /Fy showed a significant decrease, indicating
that the efficiency of energy conversion and the potential activity of PSII were reduced. In
contrast, although the parameters in female plants also showed a continuous decrease after
DOY 268, the decrease was slower. DF abs decreased to below 0 only at DOY 332, and on
the same date the values of PI total and PI abs remained higher than those in male plants,
indicating that the overall performance of the photosynthetic apparatus in female plants
remained higher at the later stage.

3.6. Male and Female Differences in Energy Flux and Reaction Center Characteristics of Ginkgo

During DOY 188-251, the JIP-test parameters in both male and female plants showed
small changes (Tables S1 and S2). The values of Wy, Vj, Vi, and V| remained at relatively
low levels, whereas PRy, PEy, and AVip remained at relatively high levels. During this
stage, the values of the parameters in male and female plants were similar, and small
differences were observed at some measurement dates, indicating that the structure and
function of the photosynthetic apparatus remained relatively stable in both male and female
plants during this period.

After DOY 268, the JIP-test parameters in both male and female plants showed sig-
nificant changes, and significant differences between sexes were also observed in the
magnitude and direction of these changes (Table 51, S2). In male plants, after DOY 268, Wy,
Vj and Vy showed an increase, whereas PRy, PEj and AVp showed a continuous decrease.
At the same time, the fluctuations of 6R0 and V| became more pronounced. In contrast,
although female plants also showed increases in Wy, Vj and Vi and decreases in PRy, PE
and AVyp after DOY 268, the overall changes were smaller. The values of PRy and ®E)
in female plants remained higher than those in male plants during DOY 268-332, and
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the decrease in AVp was slower. At the same time, 6Ry and V; did not show a consistent
unidirectional increase or decrease, but their temporal variation became more pronounced
in male plants. (Figure 4c,f).

These results indicate that, before DOY 268, the photosynthetic apparatus in both male
and female plants remained relatively stable. After DOY 268, however, the parameters
showed unfavorable changes, and the changes were more pronounced in male plants.

3.7. Effects of Sex, Sampling Time, and Their Interaction on Chlorophyll Content and Chlorophyll
Fluorescence Parameters

Two-way ANOVA showed that all measured variables varied significantly with sam-
pling time (p < 0.001; Table 2). Significant sex effects were detected for several chlorophyll
fluorescence parameters, particularly those related to performance indices, early fluores-
cence transients, and energy fluxes, including DF abs, PI total and PI abs. Significant
sex X time interactions were also observed for chlorophyll content and all fluorescence
parameters, indicating that the temporal patterns of these traits differed between male and
female Ginkgo biloba plants during natural senescence. Overall, these results showed that
the differences between sexes were reflected more strongly in their seasonal trajectories
than in simple overall mean differences.

Table 2. Summary of two-way analysis of variance for chlorophyll content and chlorophyll fluores-
cence parameters in male and female Ginkgo biloba plants across different sampling times, including
(1) sex effects, (2) time effects, and (3) sex x time interaction Abbreviations: least squares mean, LSM;
standard error, SE; degrees of freedom, df; F statistic, F; probability value, P. Effects with p < 0.10 are
denoted by an asterisk (*).

. Male Female ) ) ) Sex x Sex x Sex x Significant
Variable LSM + LSM + Sex df Sex F Sex P Time df Time F Time P Time df Time F Time P Effects
SE SE @ <0.10)
Qlorophyll 141> 1AL~ 1,4 0.505 0.517 9,36 1395460 <0.001* 9,36 80.566  <0.001* o e
DF abs 06_20909;)53 Oégﬁoi 1,4 149593 <0.001* 9,36 1941939 <0.001 * 9,36 193.756  <0.001* SseiX'XTiTT;'e
Pltotal ~ LO74  2280°% 1,4 73938  0001* 9,36 2111364 <0.001* 9,36 323.684  <0.001* oo Time,
Plabs S 3T 1,4 35998 0.004* 9,36 1675318 <0.001* 9,36 36200  <0.001* Ssei"'XTiT‘;‘ﬁ'e
Wy %ﬁfgg %%957363[ 1,4 6.418 0.064 * 9,36 1004.648  <0.001 * 9,36 591.426 <0.001* Si‘)’("'xTiTri“;’e
\ O sy o 14 3943 0118 9,36 761311  <0.001* 9,36 7794 <o001* g e
Vi O 1,4 0.536 0.505 9,3 8598  <0.001* 9,36 16195  <0.001* o e
5Ro Oy e 1,4 1613 0.273 9,3 1967659 <0.001* 9,36 76103  <0.001* sexTimeei}n .
I A o 1,4 4289 0.107 9,36 849857  <0.001* 9,36 34776 <0.001* e
Vi Oy 1,4 94302  <0.001* 9,36 1843130 <0.001* 9,36 556.870  <0.001* oo Time,
lﬁq’};’; O e ats 14 0.710 0.447 9,3 136749  <0001* 9,36 39507 <0.001* =
B/ he s el 1,4 1721 0.260 9,36 1233760 <0.001* 9,36 233969 <0.001* o
@R, 0(;_1610133& %féﬁgﬁ 1,4 24905  0.008* 9,36 1889012 <0.001* 9,36 509470  <0.001* Sii"f;ﬁé
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Table 2. Cont.

Male Female Sex x Sex x Sex x Significant
Variable LSM + LSM + Sex df Sex F Sex P Timedf  TimeF Time P X . . Effects
Time df Time F Time P
SE SE (p <0.10)
ABS/Cs,  BOZE BRI 14 0039 085 93 1800377 <0001* 9,36 144229  <0001* o MO
DIy /CSo 7213'}(1);[ 7???; 1,4 889  0.041% 9,36 3996417  <0.001* 9,36 769130  <0.001* Si‘)’:‘f%“xs’e
3588+  360.0% . . Time,
TR/CSo  “ogar o 14 0.024 0.885 9,36 6922757  <0.001 9,36 569.586  <0.001 Sex » Time
ETy/CS 1254'; 6* 2g0687i 1,4 14079 0020* 9,36 4039261 <0.00L* 9,36 248408 <0.001* sseiX'XTiTriI:{e
6042+  6550% . . . Sex, Time,
REo/CSo  “lar09 05015 14 15402 0017 9,36 9255877  <0.001 9,36 722560  <0.001 G e
3.8. Principal Component Analysis
Principal component analysis indicated that the first two principal components ade-
quately explained the variation in OJIP-derived fluorescence parameters in both sexes. In
male plants, PC1 and PC2 accounted for 60.2% and 23.7% of the total variance, respectively.
In female plants, PC1 and PC2 accounted for 63.4% and 20.3% of the total variance, indi-
cating that the first two principal components explained a comparable proportion of total
variance in both sexes (Figure 5).
a -o4 -0.2 0.0 0.2 04 b -0.4 -0.2 0.0 0.2 04 188
%g L 0.6 8 1.2 206
12 B 6 1.0 217
14 | 0.4 4 0.8 236
—_ 1(2) C —~ 2F 06 ° 251
X 8} X
N~ 6L 02 » 0 0.4 268
o 4+ o 2 280
N 2t S 2 0.2
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; 312
T 3r o 6 0.2
sk -0.2 8L 0.4 332
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Figure 5. Principal component analysis (PCA) of OJIP-derived chlorophyll fluorescence parameters
in Ginkgo biloba leaves. (a) PCA biplot for male plants. (b) PCA biplot for female plants. Dots indicate
individual samples measured on different days of year (DOY), and different colors represent different
DOY, as shown in the legend. Arrows represent the loading vectors of fluorescence parameters and
indicate their contributions to the principal components.

Principal component analysis (PCA) showed that the first two principal components
explained most of the variation in the chlorophyll fluorescence parameters of male and
female Ginkgo biloba plants. In male plants, positive loadings on PC1 were mainly associated
with ®E; and DF abs, whereas negative loadings were related to V; and 8Ry, showing
that PC1 was mainly associated with variation in these parameters. Samples collected
at different dates were clearly separated along PC1, indicating temporal variation in the
multivariate fluorescence profile during the season. In contrast, in female plants, ETy/CSy
and TRy /CSy contributed most strongly to positive loadings on PC1, while 8Ry and V; were
associated with negative loadings. Female samples tended to cluster more closely along
this axis, although differences among sampling dates were still evident.

Across both sexes, PC2 showed strong positive loadings for PI total and ®R together
with negative loadings for Vi, Vi, Wy, and 8R, showing that this component summa-
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rized variation among these fluorescence-related parameters. The contrasting loading
patterns observed on PC1 between male and female plants showed different multivariate
associations among fluorescence parameters in the two sexes.

4. Discussion

The integrity of the photosynthetic electron transport chain is essential for maintaining
the stability of the photosystems in leaves. During leaf senescence, changes in different
steps of the electron transport chain may influence the rate at which overall photosynthetic
performance declines. Leaf senescence typically begins with the loss of chlorophyll and the
gradual degradation of antenna complexes. These processes reduce the capacity for light
absorption and place increasing pressure on downstream electron transport processes [14].
In the present study, the decline in chlorophyll content was observed from DOY 268 in
both sexes, with an earlier and more rapid decline in males. A previous transcriptomic
study of Ginkgo autumn coloration and senescence showed that chlorophyll biosynthesis-
related genes declined whereas chlorophyll degradation- and senescence-associated genes
increased as leaves progressed toward yellowing [15]. These findings provide molecular
context for the chlorophyll decline observed here. However, whether the earlier chlorophyll
loss in male plants is associated with differential regulation of chlorophyll biosynthesis-
and degradation-related genes remains to be determined. Meanwhile, although ABS/CS0
declined markedly from DOY 268 in both sexes, females maintained higher values, which
may indicate a relatively greater stability of the antenna system during senescence. In
perennial woody plants, variation in antenna maintenance during senescence can strongly
influence the accumulation of photosystem damage [16], which may partly explain the
slower functional decline observed in female Ginkgo. Seasonal changes in temperature and
precipitation may also have contributed to the observed decline in chlorophyll content
and PSll-related parameters, because temperature and water availability are known to
influence leaf senescence progression and photosynthetic performance under field or stress-
related conditions [7,17,18]. Similar consideration of seasonal climate conditions has also
been adopted in previous studies of autumn senescence. For example, Holland et al.
discussed OJIP fluorescence changes during autumn senescence in relation to seasonal
temperature conditions in European oaks [19]. In the present study, the onset of chlorophyll
decline in male plants from DOY 251 and in female plants from DOY 268 coincided
with the seasonal transition from late summer to autumn, during which air temperature
declined markedly after September and precipitation decreased after reaching a peak in
September (Figure 1). This temporal correspondence suggests that decreasing temperature
and changing water conditions may have promoted the progression of natural senescence.
Because both male and female trees were exposed to the same ambient environment, the
sex-specific differences observed in chlorophyll decline and OJIP-derived parameters are
more likely to reflect different physiological responses under shared seasonal conditions
rather than climatic effects alone.

After light absorption, the trapping efficiency of PSII reaction centers largely deter-
mines the entry of electrons into the transport chain. Parameters such as F, /Fp,, Fy /F,
and TRy /CSy are therefore widely used to assess maximal PSII photochemical efficiency
and reaction-center activity [20,21]. Previous studies have shown that chlorophyll fluo-
rescence parameters in Ginkgo biloba respond sensitively to changes in light environment,
indicating that PSII activity and overall photosynthetic efficiency are strongly influenced
by environmental conditions [22]. In the present study, these parameters remained high
and relatively stable from DOY 188 to 251 in both sexes, suggesting that PSII function was
generally maintained during this period. As senescence progressed, however, significant
differences between sexes began to emerge. After DOY 268, male plants showed more
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pronounced decline, whereas females still maintained relatively high values even at DOY
332. Excess light can induce photoinhibition of PSII, usually expressed as a reduction in
Fy/Fm [23]. In contrast to acute photo inhibitory damage, the declines in maximal PSII
efficiency during natural senescence typically occur gradually [2]. In our study, females
maintained higher photochemical efficiency during the late stage of senescence, indicating
greater stability of PSII function.

During senescence, the acceptor side of PSII is often considered one of the more
sensitive segments of the electron transport chain, and OJIP-derived parameters such as
AW, and Vj are commonly used as indicators of changes in electron transfer from QA™ to
QB and the plastoquinone pool [24]. In general, a positive shift in AW,; together with an
increase in Vj reflects enhanced accumulation of QA™ and stronger restriction of electron
transfer beyond QA ™. Chlorophyll fluorescence analysis can capture such alterations in PSII
behavior, and similar fluorescence responses have also been reported under abiotic stresses
such as drought and salinity [25]. In the present study, male plants showed a clear shift in
AW,; to positive values after DOY 268, accompanied by a marked increase in Vj, whereas
female plants maintained a much smaller AW, response until DOY 312 and showed a
weaker increase in V; during most of the senescence period. These changes indicated that
acceptor-side restriction in male plants appeared earlier and was more pronounced, while
in female plants the restriction was weaker and became evident only at the later stage of
senescence. Consistently, female plants maintained relatively higher ET,/CSy and ®E)
values, indicating that electron transport flux and quantum yield of electron transport
were better preserved in female plants during most of the senescence period. Because
acceptor-side restriction may accelerate PSII damage and enhance senescence effects [26],
the greater stability of this step in females may contribute to their slower functional decline.

Beyond the acceptor side, donor-side behavior is also relevant to the maintenance of
PSII function during senescence. Parameters such as Wy and AW, are frequently discussed
in relation to donor-side perturbation and possible changes in the oxygen-evolving complex
(OEC) [27,28]. In general, an increase in Wy together with the appearance of a positive
AW, (K-band) reflects impaired electron donation from the OEC to the PSII reaction
center, indicating greater OEC-related damage or dissociation [27,28]. In the present study,
male plants showed a more evident positive AW after DOY 268, especially on DOY 268
and DOY 280, whereas female plants exhibited smaller fluctuations without sustained
abnormal elevation. At the same time, Wy increased more strongly and Fy /F, declined
more markedly in male plants, while female plants maintained comparatively lower Wy
values and relatively higher F, /Fp, at the later stage of senescence. These patterns suggest
that OEC-related damage was less severe in female plants than in male plants during the
late stage of senescence. Because donor-side impairment can restrict the supply of electrons
entering the photosynthetic electron transport chain and thereby aggravate the downstream
decline in electron transport [28], the weaker donor-side disturbance in female plants may
contribute to their relatively slower functional decline.

The continuity of photosynthetic electron flow largely depends on the functional status
of PSI and the capacity of downstream electron acceptors [29]. Parameters such as R0 and
DR reflect the efficiency and quantum yield of electron transfer from reduced intersystem
electron acceptors to the PSI end acceptors, whereas RE(/CSy represents the electron flux
reducing PSI end acceptors per cross section [30]. In addition, the I-P phase and its relative
amplitude (AVip) have been associated with PSI-related changes, including variation in
PSI acceptor-side capacity and PSI content [30,31]. In the present study, these parameters
declined more markedly in male plants from DOY 268 onward, whereas female plants
maintained relatively higher Ry, PRy, and RE(/CSy values and showed a more gradual
decrease in AVip. These changes suggest that the transfer of electrons from PSII through the
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intersystem chain to PSI end acceptors was more strongly restricted in male plants during
the late stage of senescence. Because reduced PSI acceptor-side capacity may promote
over-reduction in the electron transport chain and aggravate photochemical imbalance [32],
the relatively higher values retained in female plants suggest better maintenance of down-
stream electron transport during senescence. This interpretation is also consistent with the
relatively higher TR /CSy, ETy/CSp, and RE(/CSy values observed in female plants at the
late stage of senescence.

Integrated indices such as PI abs, PI total, and DF abs summarize changes across
multiple steps of the electron transport chain. Previous ecological studies have shown that
JIP-test-derived parameters can effectively reflect systemic changes in the photosynthetic
apparatus and therefore serve as reliable indicators of overall plant vitality and stress
responses [33]. In the present study, both sexes showed declines in these indices from DOY
268; however, the decrease was more pronounced in males. In particular, DF abs values in
male plants became negative earlier, whereas female plants remained above zero until DOY
332. This further indicates that female plants are able to maintain photosynthetic function
more effectively during senescence.

Two-way ANOVA showed significant effects of sampling time and significant sex
x time interactions, indicating that male and female Ginkgo biloba plants differed in their
seasonal trajectories across the sampling period rather than only in overall mean values.
PCA provided a descriptive multivariate overview consistent with these differences, with
samples from different senescence stages being separated along the principal components
and the distinction between sexes becoming more evident in the late stage of senescence.
In male plants, the PCA pattern was more strongly associated with chlorophyll content, DF
abs, PI abs, PI total, and electron-transport-related parameters, indicating that the decline
in PSII performance after DOY 268 appeared earlier and was more pronounced. In contrast,
in female plants, ET0/CS0 and TR0O/CS0 contributed more strongly to the PCA pattern,
indicating that variation in cross-section-based energy trapping and electron transport
played a larger role in the seasonal profile of female plants. Together, these results show
that natural senescence in Ginkgo biloba involves sex-dependent regulation of photosystem
deterioration, with male plants showing an earlier and more pronounced decline, whereas
female plants maintained photosynthetic function for a longer period.

Sexual dimorphism in dioecious plants is often associated with sex-dependent differ-
ences in photosynthetic traits, stress responses, and resource-use strategies, and similar
patterns have also been reported in other dioecious species [34,35]. In this context, the
present results suggest that the developmental trajectory and senescence-related decline of
the photosynthetic apparatus in Ginkgo biloba can reflect sexual dimorphism at the physio-
logical level. Compared with male plants, female plants maintained higher chlorophyll
content, more stable PSII photochemical efficiency, and a slower decline in electron trans-
port capacity during the late stage of senescence. Therefore, the observed sex-specific
differences are not only limited to the timing of senescence onset, but also involve distinct
patterns of photosystem functional regulation during seasonal leaf aging.

It should be noted that chlorophyll content and chlorophyll fluorescence measure-
ments followed different sampling structures in the present study, and only three biological
replicates were used for each sex at each sampling date. Therefore, the statistical compar-
isons were intended primarily to describe seasonal trends and sex-specific differences, and
the results should be interpreted with caution.

5. Conclusions

This study utilised OJIP fluorescence kinetics and JIP-test analysis under natural
growth conditions to reveal pronounced sexual dimorphism in the PSII-PSI functional

https://doi.org/10.3390/1ife16071060


https://doi.org/10.3390/life16071060

Life 2026, 16, 1060

14 of 16

References

decline pathway during leaf senescence in Ginkgo biloba. Although both sexes began
senescing around DOY 268, male plants exhibited earlier and stronger limitations on both
the acceptor and donor sides, accompanied by a rapid reduction in electron transport to PSI
end acceptors and sharper declines in integrated performance indices. In contrast, female
plants maintained relatively higher antenna function, cross-section-based energy fluxes,
and PSI end-acceptor reduction capacity, resulting in a slower deterioration of overall
photosynthetic performance.

Overall, these results indicate significant sex-specific differences in photosystem reg-
ulation during senescence in Ginkgo. These differences support the existence of sexual
dimorphism in the seasonal developmental trajectory and functional decline of the pho-
tosynthetic apparatus in this dioecious species. The greater stability of light absorption,
electron transport, and downstream electron acceptor capacity in female plants may con-
tribute to their slower decline in photosynthetic performance. These findings provide
a physiological basis for understanding sex-specific variation in photosynthetic decline
during natural senescence in Ginkgo, and also suggest a possible direction for future studies
to explore early, non-destructive sex-related screening in Ginkgo before reproductive traits
become visible. In addition, they may provide a useful reference for comparative studies of
sex-specific senescence processes in other dioecious plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1ife16071060/s1, Table S1, chlorophyll fluorescence parameters of
male Ginkgo biloba plants measured on different days of year (DOY), and Table S2, the corresponding
parameters of female plants.

Author Contributions: Conceptualization, K.Z. and D.S.; methodology, F.C. and M.H.; software,
E.C,; validation, F.C., M.H. and X.L.; formal analysis, F.C.; investigation, F.C. and X.L.; resources, K.Z.
and D.S,; data curation, F.C.; writing—original draft preparation, F.C.; writing—review and editing,
K.Z. and D.S,; visualization, E.C.; supervision, K.Z. and D.S.; project administration, K.Z.; funding
acquisition, D.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number [31300572], and the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: The authors would like to thank Nanjing Forestry University for providing the
research facilities and support for this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviation

The following abbreviations are used in this manuscript:

DOY Day Of Year

1. LiJ,; Liao, Y.; Wei, W.; Xu, X.; He, J.; Zhao, T. Effects of simulated nitrogen and phosphorus deposition on dioecious Populus
cathayana growth and defense traits. Plants 2025, 14, 1261. [CrossRef]

2. Tang, G.-L.; Li, X.-Y,; Lin, L.-S,; Gu, Z.-Y.; Zeng, F.-]. Chlorophyll a fluorescence characteristics in different types of leaf senescence
in Alhagi sparsifolia. J. Plant Growth Regul. 2016, 35, 952-964. [CrossRef]

https://doi.org/10.3390/1ife16071060


https://www.mdpi.com/article/10.3390/life16071060/s1
https://www.mdpi.com/article/10.3390/life16071060/s1
https://doi.org/10.3390/plants14081261
https://doi.org/10.1007/s00344-016-9593-2
https://doi.org/10.3390/life16071060

Life 2026, 16, 1060 15 of 16

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Zhang, M.-P; Zhang, C.-],; Yu, G.-H,; Jiang, Y.-Z.; Strasser, R.].; Yuan, Z.-Y.; Yang, X.-S.; Chen, G.-X. Changes in chloroplast
ultrastructure, fatty acid components of thylakoid membrane and chlorophyll a fluorescence transient in flag leaves of a
super-high-yield hybrid rice and its parents during the reproductive stage. J. Plant Physiol. 2010, 167, 277-285. [PubMed]

Li, X.; Zhai, ].; Li, Z. Morphological and physiological differences in heteromorphic leaves of male and female Populus euphratica
Oliv. J. Arid Land 2022, 14, 1456-1469. [CrossRef]

Thakur, A.; Kumar, A.; Kumar, D.; Warghat, A.R.; Pandey, S.S. Physiological and biochemical regulation of Valeriana jatamansi
Jones under water stress. Plant Physiol. Biochem. 2024, 208, 108476. [CrossRef] [PubMed]

Cordon, G.; Lagorio, M.G.; Paruelo, ].M. Chlorophyll fluorescence, photochemical reflective index and normalized difference
vegetative index during plant senescence. . Plant Physiol. 2016, 199, 100-110. [CrossRef] [PubMed]

Panda, D.; Sarkar, R.K. Natural leaf senescence: Probed by chlorophyll fluorescence, CO, photosynthetic rate and antioxidant
enzyme activities during grain filling in different rice cultivars. Physiol. Mol. Biol. Plants 2012, 19, 43-51. [CrossRef]

Zhang, Z.; Li, G.; Gao, H.; Zhang, L.; Yang, C.; Liu, P; Meng, Q. Characterization of photosynthetic performance during senescence
in stay-green and quick-leaf-senescence Zea mays L. inbred lines. PLoS ONE 2012, 7, e42936. [CrossRef] [PubMed]

Lin, H.; Li, W,; Lin, C.; Wu, H.; Zhao, Y. International Biological Flora: Ginkgo biloba. J. Ecol. 2022, 110, 951-982. [CrossRef]

Li, J.; Su, X; Guo, J.; Xu, W.; Feng, L.; Wang, T.; Fu, F.; Wang, G. Sex-related differences in growth traits and wood properties of
Ginkgo biloba. Forests 2023, 14, 1809. [CrossRef]

Zhao, H.; Liang, H.; Chu, Y.; Sun, C.; Wei, N.; Yang, M.; Zheng, C. Effects of salt stress on chlorophyll fluorescence and antioxidant
systems in Ginkgo biloba seedlings. HortScience 2019, 54, 2125-2133. [CrossRef]

Gao, X.;; Hu, Y; Li, E; Cao, F; Guo, Q. Sex identification and male-female differences in hybrid F1 Ginkgo biloba seedlings. Forests
2024, 15, 1636. [CrossRef]

Li, J.; Zhou, X,; Zhou, J.; Shang, R.; Wang, Y.; Jing, P. Comparative study on several determination methods of chlorophyll content
in plants. IOP Conf. Ser. Mater. Sci. Eng. 2020, 730, 012066. [CrossRef]

Sakuraba, Y. Light-mediated regulation of leaf senescence. Int. J. Mol. Sci. 2021, 22, 3291. [CrossRef] [PubMed]

Li, W; Wang, L.; He, Z; Lu, Z; Cui, J.; Xu, N,; Jin, B.; Wang, L. Physiological and transcriptomic changes during autumn
coloration and senescence in Ginkgo biloba leaves. Hortic. Plant ]. 2020, 6, 396—408. [CrossRef]

Belgio, E.; Johnson, M.P; Juri¢, S.; Ruban, A.V. Higher plant photosystem II light-harvesting antenna, not the reaction center,
determines the excited-state lifetime—Both the maximum and the nonphotochemically quenched. Biophys. J. 2012, 102, 2761-2771.
[CrossRef] [PubMed]

Ergo, V.V,; Veas, R.E.; Vega, C.R.; Lascano, R.; Carrera, C.S. Leaf photosynthesis and senescence in heated and droughted
field-grown soybean with contrasting seed protein concentration. Plant Physiol. Biochem. 2021, 164, 200-210.

Guo, Y.; Ren, G.; Zhang, K; Li, Z.; Miao, Y.; Guo, H. Leaf senescence: Progression, regulation, and application. Mol. Hortic. 2021,
1, 5. [CrossRef] [PubMed]

Holland, V.; Koller, S.; Briiggemann, W. Insight into the photosynthetic apparatus in evergreen and deciduous European oaks
during autumn senescence using OJIP fluorescence transient analysis. Plant Biol. 2014, 16, 801-808. [PubMed]

Maxwell, K.; Johnson, G.N. Chlorophyll fluorescence: A practical guide. J. Exp. Bot. 2000, 51, 659-668. [CrossRef] [PubMed]
Barbato, R.; Tadini, L.; Jeran, N.; Torricella, V.; Pagliano, C.; Pesaresi, P. Fast chlorophyll a fluorescence induction (OJIP)
phenotyping of Arabidopsis single and higher order mutants depleted of proteins involved in donor and acceptor side function
of Photosystem II. Plant Physiol. Biochem. 2025, 205, 110646. [CrossRef]

Sarijeva, G.; Knapp, M.; Lichtenthaler, H.K. Photosynthetic activity and pigment composition in sun and shade leaves of Ginkgo
and Fagus. . Plant Physiol. 2007, 164, 950-955. [CrossRef] [PubMed]

Townsend, A.J.; Ware, M.A.; Ruban, A.V. Photodamage and photoprotection dynamics in photosystem II. Plant Cell Environ. 2018,
41, 1098-1112. [CrossRef] [PubMed]

Zhu, J.; Zhang, Y.C.; Yang, L.Y.; Zhou, L. Effect of different LED-lighting quality conditions on growth and photosynthetic
characteristics of saffron plants (Crocus sativus L.). Photosynthetica 2022, 60, 497-507. [CrossRef] [PubMed]

Kalaji, HM.; Jajoo, A.; Oukarroum, A.; Brestic, M.; Zivcak, M.; Samborska, I.A.; Cetner, M.D.; Lukasik, I.; Goltsev, V.; Ladle, RJ.
Chlorophyll a fluorescence as a tool to monitor physiological status of plants under abiotic stress conditions. Acta Physiol. Plant.
2016, 38, 102. [CrossRef]

Murata, N.; Takahashi, S.; Nishiyama, Y.; Allakhverdiev, S.I. Photoinhibition of photosystem II under environmental stress.
Biochim. Biophys. Acta (BBA)-Bioenerg. 2007, 1767, 414—421. [CrossRef]

Strasser, R.J.; Tsimilli-Michael, M.; Srivastava, A. Analysis of the chlorophyll a fluorescence transient. In Chlorophyll a Fluorescence:
A Signature of Photosynthesis; Springer: Dordrecht, The Netherlands, 2004; pp. 321-362.

Hakala, M.; Tuominen, I.; Kerdnen, M.; Tyystjarvi, T.; Tyystjarvi, E. Evidence for the role of the oxygen-evolving manganese
complex in photoinhibition of photosystem II. Biochim. Biophys. Acta (BBA) —Bioenerg. 2005, 1706, 68-80. [CrossRef]

https://doi.org/10.3390/1ife16071060


https://www.ncbi.nlm.nih.gov/pubmed/20004497
https://doi.org/10.1007/s40333-022-0039-3
https://doi.org/10.1016/j.plaphy.2024.108476
https://www.ncbi.nlm.nih.gov/pubmed/38442628
https://doi.org/10.1016/j.jplph.2016.05.010
https://www.ncbi.nlm.nih.gov/pubmed/27302011
https://doi.org/10.1007/s12298-012-0142-6
https://doi.org/10.1371/journal.pone.0042936
https://www.ncbi.nlm.nih.gov/pubmed/23300934
https://doi.org/10.1111/1365-2745.13856
https://doi.org/10.3390/f14091809
https://doi.org/10.21273/hortsci14432-19
https://doi.org/10.3390/f15091636
https://doi.org/10.1088/1757-899x/730/1/012066
https://doi.org/10.3390/ijms22073291
https://www.ncbi.nlm.nih.gov/pubmed/33804852
https://doi.org/10.1016/j.hpj.2020.11.002
https://doi.org/10.1016/j.bpj.2012.05.004
https://www.ncbi.nlm.nih.gov/pubmed/22735526
https://doi.org/10.1186/s43897-021-00006-9
https://www.ncbi.nlm.nih.gov/pubmed/37789484
https://www.ncbi.nlm.nih.gov/pubmed/24112772
https://doi.org/10.1093/jexbot/51.345.659
https://www.ncbi.nlm.nih.gov/pubmed/10938857
https://doi.org/10.1016/j.plaphy.2025.110646
https://doi.org/10.1016/j.jplph.2006.09.002
https://www.ncbi.nlm.nih.gov/pubmed/17074414
https://doi.org/10.1111/pce.13107
https://www.ncbi.nlm.nih.gov/pubmed/29210070
https://doi.org/10.32615/ps.2022.038
https://www.ncbi.nlm.nih.gov/pubmed/39649390
https://doi.org/10.1007/s11738-016-2113-y
https://doi.org/10.1016/j.bbabio.2006.11.019
https://doi.org/10.1016/j.bbabio.2004.09.001
https://doi.org/10.3390/life16071060

Life 2026, 16, 1060 16 of 16

29.

30.

31.

32.

33.

34.

35.

Yamori, W.; Kondo, E.; Sugiura, D.; Terashima, I.; Suzuki, Y.; Makino, A. Enhanced leaf photosynthesis as a target to increase
grain yield: Insights from transgenic rice lines with variable Rieske FeS protein content in the cytochrome b6/f complex. Plant
Cell Environ. 2015, 39, 80-87. [CrossRef] [PubMed]

Goltsev, V.N.; Kalaji, HM.; Paunov, M.; Baba, W.; Horaczek, T.; Mojski, J.; Kociel, H.; Allakhverdiev, S.I. Variable chlorophyll
fluorescence and its use for assessing physiological condition of plant photosynthetic apparatus. Russ. J. Plant Physiol. 2016, 63,
869-893. [CrossRef]

Ceppi, M.G.; Oukarroum, A ; Cicek, N.; Strasser, R.J.; Schansker, G. The IP amplitude of the fluorescence rise OJIP is sensitive to
changes in the photosystem I content of leaves: A study on plants exposed to magnesium and sulfate deficiencies, drought stress
and salt stress. Physiol. Plant. 2012, 144, 277-288. [CrossRef] [PubMed]

Tikkanen, M.; Aro, EM.R. Integrative regulation of thylakoid energy transduction. Trends Plant Sci. 2014, 19, 10-17. [CrossRef]
[PubMed]

Bussotti, F.; Gerosa, G.; Digrado, A.; Pollastrini, M. Selection of chlorophyll fluorescence parameters as indicators of photosynthetic
efficiency in large scale plant ecological studies. Ecol. Indic. 2020, 108, 105686. [CrossRef]

Juvany, M.; Munné-Bosch, S. Sex-related differences in stress tolerance in dioecious plants: A critical appraisal in a physiological
context. J. Exp. Bot. 2015, 66, 6083-6099. [CrossRef] [PubMed]

Laporte, M.M.; Delph, L.F. Sex-specific physiology and source-sink relations in the dioecious plant Silene latifolia. Oecologia 1996,
106, 63-72. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/1ife16071060


https://doi.org/10.1111/pce.12594
https://www.ncbi.nlm.nih.gov/pubmed/26138548
https://doi.org/10.1134/s1021443716050058
https://doi.org/10.1111/j.1399-3054.2011.01549.x
https://www.ncbi.nlm.nih.gov/pubmed/22121914
https://doi.org/10.1016/j.tplants.2013.09.003
https://www.ncbi.nlm.nih.gov/pubmed/24120261
https://doi.org/10.1016/j.ecolind.2019.105686
https://doi.org/10.1093/jxb/erv343
https://www.ncbi.nlm.nih.gov/pubmed/26163697
https://doi.org/10.1007/bf00334408
https://www.ncbi.nlm.nih.gov/pubmed/28307158
https://doi.org/10.3390/life16071060

	Introduction 
	Materials and Methods 
	Plant Materials and Sampling 
	Determination of Chlorophyll Content 
	Measurement of Chlorophyll Fluorescence and JIP-Test Parameters 
	Data Analysis 

	Results 
	Male and Female Differences in Chlorophyll Content of Ginkgo 
	Male and Female Differences in OJIP Transients During Natural Senescence in Ginkgo 
	Male and Female Differences in Woj and Wok of Ginkgo 
	Male and Female Differences in Photosynthetic Energy and Electron Fluxes of Ginkgo 
	Male and Female Differences in Photosynthetic Performance Indices of Ginkgo 
	Male and Female Differences in Energy Flux and Reaction Center Characteristics of Ginkgo 
	Effects of Sex, Sampling Time, and Their Interaction on Chlorophyll Content and Chlorophyll Fluorescence Parameters 
	Principal Component Analysis 

	Discussion 
	Conclusions 
	References

