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Highlights

¢ Soybeans grown under conditions of fluctuating light exhibit characteristics reminiscent of those adapted to low-light,
including decreases in dry matter mass, leaf thinning, specific leaf weight, and chlorophyll (Chl) a/Chl b levels.

* The inhibitory impact of fluctuating light conditions on the growth of soybean plants arises from a decrease in carbon
assimilation. However, this is not attributed to acclimation to low-light periods, as the photosynthetic capacity remains
unaffected by fluctuating light.

* The decrease in carbon assimilation is ascribed to a delayed photosynthetic response to fluctuations in light intensity.
When transitioning from low- to high-light, the gradual rate of stomatal opening limits carbon supply. Moreover, upon
returning to low-light, the gradual relaxation of photoprotection hinders light utilization efficiency.

Abstract

Plants encounter dynamic light environments in natural field conditions, and species differ in their physiological and
biochemical mechanisms for acclimating to fluctuating light (FL). The manner in which soybean (Glycine max (L.) Merr.)
coordinates multiple physiological adjustments to FL remains poorly understood. This study assessed the effects of FL
on soybean morphology and photosynthetic traits by examining changes in photosynthetic gas exchange parameters
and chlorophyll (Chl) a fluorescence under alternating high- and low-light conditions. Results indicated that soybeans
exposed to FL exhibited reduced dry matter accumulation, smaller and thinner leaves, and a lower Chl a/Chl b levels —
characteristics typically associated with plants grown under continuous low-light. Despite these morphological similarities,
their photosynthetic gas exchange rates and photosynthetic capacity were maintained at levels comparable to those
under steady high light, unlike plants grown under constant low-light. Thus, acclimation to FL is distinct from adaptation
to sustained low-light conditions. Correlation analyses revealed that the decline in carbon assimilation under FL primarily
stemmed from two factors: the slow recovery of stomatal conductance upon transition to high light and the delayed
relaxation of nonphotochemical quenching when light intensity decreased. Therefore, the reduction in carbon assimilation
under FL cannot be attributed to low-light phase adjustments but rather reflects a lag in photosynthetic responsiveness to
changing light conditions.

Keywords: soybean, fluctuating light, CO, assimilation, dynamic photosynthesis, photosynthetic limitation, stomatal
opening, non-photochemical quenching

1. Introduction varying significantly across time and space (Yao et al. 2017;
Light is essential for plant photosynthesis, yet it constitutes Huber et al. 2021). Within crop canopies, the actual light
a highly heterogeneous resource in nature, with intensity environment arises from a combination of environmental
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conditions and cultivation practices. Intercropping and close
planting are key strategies to enhance crop acreage and
yield (Wu Y et al. 2023; Zheng et al. 2023). However, these
practices often lead to a rapid decline in individual plant
biomass due to intensified mutual shading, which reduces leaf
light availability and causes frequent fluctuations in irradiance
(Pignon et al. 2017; Wu HY et al. 2023). Research indicates
that experiments conducted under constant light may not
accurately reflect field conditions (Matsubara 2018).

As sessile organisms, crops must acclimate to dynamic
environmental conditions. One approach to increasing food
production involves improving photosynthetic efficiency
under natural fluctuating light (FL) conditions. Achieving
such improvements requires a deeper understanding of the
mechanisms underlying crop responses to FL. Pao et al.
(2019) found that cucumber leaves grown under FL exhibit
lower photosynthetic parameters than those grown under
constant light. When Arabidopsis thaliana was cultivated
under FL, reductions in biomass, leaf thickness, and
photosynthetic capacity were observed (Vialet-Chabrand
et al. 2017; Matthews et al. 2018). The maximum net
photosynthetic rate (A.,) increased significantly in petunia
and tomato under FL, but no significant difference was
detected in chrysanthemum (Blom and Zheng 2009).
Moreover, variations in the frequency of light fluctuations had
minimal impact on total plant biomass and photosynthetic
capacity in tomato (Zhang et al. 2020).

The level of plant carbon assimilation under FL depends
on both photosynthetic capacity and dynamic photosynthetic
efficiency. When a leaf adapted to low-light (LL) transitions
from shade to full sunlight, a delay of several minutes occurs
before maximum photosynthetic rates are achieved (Yamori
et al. 2020). This induction lag can negatively affect daily
carbon gain through photosynthesis. In wheat, up to 21%
of potential carbon assimilation may be lost in a single day
due to delayed photosynthetic induction (Taylor and Long
2017). Electron transport responds rapidly, whereas stomatal
conductance takes 30-60 min to reach its maximum,
exceeding the 5-10 min required for activation of Calvin cycle
enzymes such as Rubisco (Mcausland et al. 2016). The
dynamic regulation of stomatal conductance under FL has
been highlighted as critical. Mutants including slow anion
channel-associated 1 (slac1), open stomata 1 (ost7), and
abscisic acid-deficient flacca exhibit faster stomatal opening
and show enhanced photosynthetic rates under FL (Kaiser
et al. 2020; Kimura et al. 2020; Yamori et al. 2020).

Non-photochemical quenching (NPQ) is another key factor
limiting photosynthetic efficiency under FL. During high-
light (HL) periods, leaves dissipate excess absorbed energy
efficiently via NPQ (Bassi and Dall’Osto 2021). However,
the relaxation of NPQ lags during transitions to LL, causing a
transient reduction in the quantum yield of CO, fixation (Wang
et al. 2020). Kromdijk et al. (2016) used bioengineering to
accelerate NPQ relaxation, resulting in improved electron
transport efficiency in PSIl and increased shoot biomass in
tobacco under FL. Conversely, accelerated relaxation from
photoprotection reduced photosynthetic rate and growth in
transgenic potato (Lehretz et al. 2022). Similarly, transgenic
Arabidopsis lines showed no biomass enhancement due to

compromised photoprotection from faster NPQ relaxation
(Garcia-Molina and Leister 2020).

In summary, physiological and biochemical responses to
FL vary among species. The effects of FL on photosynthetic
carbon assimilation in many crops, including soybean, remain
poorly understood. Soybean is a major crop valued for its
protein and oil content. Among 37 soybean genotypes,
photosynthetic capacities do not differ significantly, but
the speed of photosynthetic induction varies widely (Soleh
et al. 2017), indicating substantial potential for optimizing
photosynthesis under FL. We simulated natural light
fluctuations under controlled conditions to better understand
plant acclimation in realistic field environments. This
study aimed to (1) investigate the impact of FL on soybean
morphology and photosynthetic parameters, (2) evaluate
the reduction in carbon assimilation caused by FL, and
(3) determine the response kinetics of gas exchange and
chlorophyll (Chl) fluorescence parameters to FL, identifying
factors responsible for decreased carbon gain under FL.

2. Materials and methods
2.1. Plant materials and experimental design

Experiments were conducted at the College of Agriculture,
Sichuan Agricultural University, Chengdu, China. The
experiments were carried out in a plant factory with a day/
night temperature regime of 25°C/22°C and a photoperiod
of 12 h light/12 h dark. The experiment used Guixia 7, a
widely adopted genotype for intercropping studies. Soybean
seeds were sown in a soil mixture of vermiculite and nutrient
soil (Pindstrup Substrate, Denmark) at a 1:3 (v:v) ratio. The
substrate was sterilized with carbendazim. After germination,
seedlings were transferred to designated light treatments.
Four light intensity treatments were applied (Fig. 1-A): HL
at 1,200 pmol m™? s™', medium-light (ML) at 500 pymol m™
s, LL at 150 umol m™2 s, and FL, alternating between
1,200 and 150 pmol m™? s™". The height of the seedbed was
adjusted during growth to maintain a 15 cm distance between
the top of the canopy and the light source. The FL regime
was controlled using a programmable system (VQ-VD-100,
VANQ, Shenzhen, China). The cumulative daily light integral
was equal for FL and ML treatments (Fig. 1-B).

2.2. Evaluation of leaf morphological characteristics
and biomass

Four plants per treatment were randomly selected to measure
individual leaf area. Images were captured using a Nikon
D5600 camera (Nikon Inc., Tokyo, Japan), and leaf area
was quantified using ImagedJ software (National Institutes
of Health, Bethesda, MD, USA). Aboveground parts and
roots were separated, placed in paper bags, and blanched at
105°C for 1 h. Samples were then dried at 80°C to constant
weight and weighed using an electronic balance. Specific
leaf weight was calculated as the ratio of dry mass to leaf
area.

2.3. Chl content

For Chl analysis, 0.1 g of fresh leaf tissue was extracted
in 8 mL of 95% acetone for 24 h at 25°C in darkness.
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Fig. 1 Light environment in the experimental treatments. A, daily variations in light intensity. B, average daily light intensity. HL,
high-light; ML, medium-light; LL, low-light; FL, fluctuating light. Data are represented as mean+SD (n=6). Different lowercase letters
indicate statistically significant differences between different treatments at the P<0.05 level.

Absorbance was measured using a spectrophotometer
(T80, Beijing, China) at 645 nm (Chl b) and 665 nm (Chl a).
Concentrations were expressed in mg g~ FW. The Chl a/Chl b
ratio was calculated following established procedures (Tang
et al. 2023).

2.4. Steady-state gas exchange measurements

Photosynthetic rates of soybean leaves were measured in a
controlled environment chamber. Six fully expanded leaves
per treatment were analyzed using the LI6400-02B chamber
of a Li-Cor 6400 Portable Photosynthesis System (Li-Cor
Inc., USA). Light intensity in the chamber was set to 1,200,
500, or 150 umol m™ s™' to match growth conditions. Leaf-
to-air vapor pressure deficit was maintained at 1.5-2.0 kPa,
and CO, concentration was kept at 400 pmol mol™ using a
CO, mixer. Chamber temperature was held at 25°C. Once
steady-state conditions were reached, net photosynthetic
rate (P,), stomatal conductance (G,), intercellular CO, partial
pressure (C,), and transpiration rate (E) were recorded (Gao
et al. 2023).

2.5. Stomatal traits

Following gas exchange measurements, 1 cm’ leaf sections
were collected from the top, middle, and bottom regions
of each leaf. Tissue samples were fixed in formalin—
acetic acid—alcohol (FAA) solution for 24 h. All sampling
occurred at the same time of day. Tissues were decolorized
in a graded ethanol series (50, 70, 85, 95, and 100%) for
30 min each, then soaked in 5% NaOH (w/v) for 2 d. After
rinsing with distilled water, samples were treated with
trichloroacetaldehyde hydrate until translucent. Finally, they
were stained with 1% methylene blue, rinsed, mounted on
slides, and imaged (Gao et al. 2023). Three images per leaf
were captured using a TI-E inverted fluorescence microscope
(Nikon Inc., Tokyo, Japan) at 10x and 30x magnification.
ImageJ software was used to determine stomatal density.

Stomatal size was calculated based on the length of the
longest axis of each stoma (Wang et al. 2014).

2.6. Ultrastructure of leaf tissue

Leaf tissues were cut into 5 mmx5 mm pieces and fixed in
2.5% glutaraldehyde (v/v) at 4°C for 24 h. Fixed tissues
were washed three times in PBS (10 min each). Sections
were then immersed in 1% osmium tetroxide for 40 min,
dehydrated through a graded alcohol series, infiltrated
with Spurr resin (SPI Chem, West Chester, PA, USA), and
polymerized at 65°C for 48 h. Ultrathin sections (50—60 nm)
were stained with 2% uranyl acetate (Jiang et al. 2011)
and examined using a scanning transmission electron
microscope (Tecnai G2 Spirit Bio-TWIN) at x15,000 and
x2,000 magnifications. Cell wall thickness (TCW) was
measured at x15,000. The surface area of chloroplasts
exposed to intercellular space per unit leaf area (S;) and
mesophyll cell wall surface area per unit leaf area (S,,) were
calculated as follows (Han et al. 2018):

_FxL,
"L
FxL
S.= <
c L

As shown in Appendix A, cross-sectional width (L), total
length of mesophyll cell wall exposed to intercellular air space
(L), and total length of chloroplasts in contact with plasma
membrane facing intercellular space (L.) were measured
from micrographs. F is the calibration coefficient. Values of
F for palisade and spongy mesophyll were 1.470 and 1.14,
respectively (Théroux-Rancourt et al. 2017). The palisade-
to -spongy mesophyll ratio under different treatments was
quantified separately and averaged to determine F values
used in calculations.

2.7. Leaf anatomy
Leaf sections (0.5 cmx0.5 cm) were excised and fixed
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in formaldehyde, acetic acid and ethanol (FAA) solution.
Tissues were embedded in paraffin and sectioned at 10 ym
using a microtome. Sections were stained with hematoxylin—
eosin and sealed with neutral resin. Images were acquired
using an Eclipse 80i microscope (Nikon Inc., Tokyo, Japan)
with ACT-2U imaging software.

Leaf thickness (T,.) was determined by dividing the cross-
sectional area by the width of the section in light microscope
images (Appendix B), following methods described by Huang
et al. (2022) and Gao et al. (2023):

_ Area of cross section
" Width of cross section

Total mesophyll cross-sectional area and intercellular
air space area were directly measured. The fraction of
mesophyll volume occupied by intercellular air space (fi,s)
was calculated as (Hu et al. 2022):

_ Area of intercellular air space
- Area of cross section

2.8. Light response curves

CO, concentration in the Li-6400 chamber was maintained
at 400 pmol mol™ using an injection system. An automated
program applied a light gradient: 2,300, 1,700, 1,200,
900, 500, 300, 200, 150, 100, 50, 20, and 0 ymol m?s™".
Initial chamber light was set to 2,300 umol m™ s™'. After
inserting the leaf, a 10-20 min acclimation period was
allowed. Measurements were recorded once photosynthetic
parameters stabilized. Data were fitted to a rectangular
hyperbolic model to derive parameters such as A, and
maximum apparent quantum yield (AQY) for each treatment
(Herrmann et al. 2020). Six uniformly growing plants per
treatment were selected.

2.9. CO, response curve

Prior to measurement, chamber CO, was maintained at
400 pmol mol™, and light intensity was set to saturating levels
for each treatment. Leaves were acclimated for 10—20 min
until parameters stabilized. CO, concentrations were
generated by injection: 400, 300, 200, 150, 100, 50, 400, 400,
600, 800, 1,000, 1,200, 1,500, 1,800, and 2,000 pymol mol™".
Parameters including CO, compensation point and saturation
point were derived using a corrected rectangular hyperbola
model (Greer 2015):

a chax Ci _
a Ci+ chax

P, (C)= d

where a represents initial carboxylation efficiency (CE),
and Ry is the photorespiration rate. Since dark respiration
is negligible under light, CO, release approximates
photorespiration. Maximum carboxylation rate (V,,.,) was
estimated using the Farquhar-von Caemmerer-Berry model
implemented in Ryq, (Duursma 2015).

2.10. Mesophyll conductance and CO, concentration
within chloroplasts

Mesophyll conductance (G,) was calculated using the
variable J method (Harley et al. 1992):

[ J+8(PotRy)] }

6.P/ {0 J4(A+Ry)

P,

C=C-
where " is the CO, compensation point without respiration,
Ry is daytime respiration, J,., is electron transport rate, and
C. is chloroplastic CO, concentration.

Jnax Was computed as:

Imax=PpgPPFD-a- 3
a denotes leaf absorbance, 3 represents electron partitioning
between PSI and PSIl. ®.g, reflects actual photochemical
efficiency of PSII, calculated as:

D= (Fn;:,FS)

Dpg Was megsured using a LI-6400—40 chamber. Chamber
CO, was maintained at 400 pmol mol™ with a flow rate of
300 pmol s™'. Temperature was held at (25+3)°C. PAR
settings were 1,200, 500, and 150 pmol m™ s™". Steady-
state fluorescence (F;) and maximum fluorescence (F,,) were
recorded after stabilization (Xiong et al. 2015).

Since R is light-dependent it was directly measured by
introducing 1% O, into the LI-6400 under conditions similar
to ®PSII measurements (Yin et al. 2011), rather than derived
from curve fitting.

To estimate a and B, low-oxygen fluorescence response
curves were measured. These parameters were derived from
the slope of linear regression between P, and photosynthetic
photon flux density (PPFD)-®,s,/4 (Yin and Struik 2009).
Plants were dark-adapted in the LI-6400-40 chamber (flow
rate: 300 ymol s™') for =30 min. Dark-adapted fluorescence
parameters F, and F, were recorded. For low-0,
measurements, 1% O, was introduced while maintaining CO,
at 400 umol mol™ via injection. Flow rate was 300 pymol s~
R, values were input based on prior measurements An
automated program applied the same light gradient as above.
Gas exchange and Chl fluorescence data were recorded
simultaneously upon stabilization.

T was calculated by fitting the Laisk method (Tomeo and
Rosenthal 2017). Chamber temperature was (25+3)°C, flow rate
300 umol s™. Low-CO, response curves were measured at PAR
levels of 300, 235, 175, and 125 umol m™s™', with CO, gradients
of 90, 75, 50, and 40 pymol mol™. Each PPFD change required a
10-20 min adjustment. C; and P, were regressed linearly. The
absolute slope gives C;, and the average is denoted as T'

2.11. Calculation of carbon assimilation during pho-
toinduction

Dynamic photosynthetic parameters under FL were measured
using a Li-Cor 6400 infrared gas analyzer. Chamber CO, was
maintained at 400 ppm, temperature at 25°C, vapor pressure
deficit at (1.3+0.2) kPa, and flow rate at 500 umol s™". An initial
adaptation phase at 150 ymol m™ s™' was maintained until
steady-state P, and G, were achieved. Light was then increased
to 1,200 umol m™ s~ for 30 min. Gas exchange data were
logged every 10 s; Chl fluorescence every 2 min. Light was then
returned to 150 ymol m™? s™', and parameters recorded for
another 30 min. Carbon gain and loss were calculated as:
Carbon gain=A;d,



652

Jing Gao et al. | Journal of Integrative Agriculture 2026, 25(2): 648—-658

Carbon loss=ArA~Ard,

2.12. Calculation of the response rate of photosynthetic
parameters to light intensity changes

Time courses of five parameters — P,, G,, G, Vemax @Nd Jpax
— were fitted to a Boltzmann sigmoid function:
f(t)=Xmin+ Xmax_Xmin
1+exp(Ts—t)/d;

where X, and X,., are parameter minimum and maximum
values; d=(X,.—Xmin)/ (4%slope at inflection); Ts, is the time
to reach 50% of maximum after HL exposure. T4, was also
derived to indicate time to 90% of maximum (Givnish 1988).

2.13. Statistical analysis

Data were organized and graphed using Microsoft Excel
2022. Statistical analyses were performed using SPSS 25.0.
Differences among treatments were assessed using one-way
ANOVA followed by Duncan’s post-hoc test. After normality
testing, Pearson correlation analysis was applied.

3. Result

3.1. Soybean plant morphology varies under different
light intensity treatments

Soybean morphological traits varied significantly across
light treatments (Fig. 2-A). FL treatment inhibited growth,
reducing aboveground and root dry weights by 49.92 and
71.18%, respectively, compared to ML (Fig. 2-B). Leaf area,
leaf thickness, and specific leaf weight decreased by 26.11,

Dry weight (g)

D E
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22.32, and 39.41%, respectively (Fig. 2-C-E). FL also
significantly reduced the Chl a/Chl b (Fig. 2-F). Compared to
HL treatment, ML did not differ significantly in aboveground
dry weight, but root dry weight was significantly lower. LL
treatment caused substantial reductions in both aboveground
and root biomass (Fig. 2-B). Leaf area declined by 39.27%
under LL, whereas ML increased it by 40.84% (Fig. 2-C). ML
and LL treatments resulted in significantly lower specific leaf
weight and leaf thickness than HL (Fig. 2-D and E).

3.2. Variations in photosynthetic parameters under
different light intensity treatments

Leaf photosynthesis contributes critically to biomass
accumulation during seedling growth. Photosynthetic
parameters were measured under various light intensities.
A, decreased by 23.91% under ML and 59.05% under LL
compared to HL (Fig. 3-B). No significant difference in A,
was observed between ML and FL, suggesting FL minimally
affects photosynthetic capacity. CE, reflecting performance
under low CO,, was significantly lower in ML and LL than HL
(Appendix C), but not between FL and ML. AQY, indicating
LL photosynthetic capacity, showed no significant differences
among treatments. J,,, did not differ between ML and FL, but
Vemax Was significantly lower under FL than ML (Appendix C).

3.3. Variations in leaf gas exchange parameters under
different light intensity treatments

P., G,, and G, under FL did not differ significantly from ML
(Table 1). However, E under FL was 114.81% higher than
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Fig. 2 Influence of varied growth light environments on soybean seedling growth. A, photographs of soybean plants in each
treatment group. B, dry matter mass of shoots and roots. C, total leaf area of the whole plant. D, specific leaf weight. E, leaf thickness.

F, chlorophyll (Chl) a to Chl b ratio. HL, high-light; ML, medium-light; LL, low-ight; FL, fluctuating light.
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leaf thickness, Chl a/Chl b,

ratio of Chl a to Chl b. Bars mean SD (n=6). Different lowercase letters indicate statistically significant differences between different

treatments at the P<0.05 level.
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under ML. In contrast, gas exchange parameters in seedlings
were sensitive to reduced light. P, decreased significantly
in ML and LL versus HL. G, and G,, were reduced under
ML and further under LL. C, increased under LL compared
to HL. No significant differences in C, were observed among
treatments Transpiration decreased under LL, with E notably
lowerunder LL than HL.

3.4. Stomatal morphological characteristics and struc-
tural limiting factors of G, in response to different
light intensity treatments

A correlation analysis revealed that reduced P, under LL
coincided with declines in G,, and G, (Appendix D). To explore
causes of reduced G,, stomatal morphology was analyzed.
Stomatal density decreased significantly under LL, but size
remained unchanged. To assess structural constraints on G,
leaf anatomy was examined. Lightreduction did not increase
TCW orf,s. However, S, and S, declined significantly with
decreasing light (Appendix D).

3.5. Dynamic changes of leaf gas exchange and pho-
tosynthetic parameters under FL in soybean

After reaching steady-state photosynthesis under LL,
leaves were exposed to 30 min of HL, followed by 30 min
of LL Carbon assimilation under FL was quantified. FL
caused carbon assimilation loss (Fig. 4), particularly during
the induction phase. Dynamic changes in gas exchange
and photosynthetic parameters are shown in Fig. 5. Upon

A s
—e—HL —e—ML
40 LL FL
T
g 30r
2
3 20
-
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0'.»_,.; L L )
0 1,000 2,000 3,000
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transition to HL, P, increased rapidly and stabilized. In
contrast, G, rose gradually, continuing beyond 1,000 s. The
quantum efficiencies of CO, assimilation (dCO,) and ®PSII
dropped quickly to minima and recovered slowly. When light
surged from 150 to 1,200 ymol m™ s™, P, initially declined,
then recovered.

Temporal responses during light induction were shown in
Fig. 6-A and B. Time to reach 50% of maximum increased
in the order: J,., Pn, Gs, Vimae Response rates to 95% of
maximum varied. J,., responded fastest; G, was significantly
slower. NPQ induced rapidly upon HL exposure but relaxed
gradually when light decreased (Fig. 6-C).

A significant positive correlation existed between carbon
assimilation loss during induction and time for G, to reach
95% of maximum (Fig. 7-A). Similarly, post-irradiation
carbon loss correlated positively with time for NPQ to relax to
95% (Fig. 7-B). A strong positive correlation was observed
between P, and G, during induction (Fig. 7-C). During post-
irradiation, NPQ showed a significant negative correlation
with ®CO, (R?=0.96; Fig. 7-D).

4. Discussion

4.1. Soybean response to FL: Similarities to shade
acclimation traits

FL negatively affected soybean growth, reducing whole-
plant leaf area, specific leaf weight, and dry matter compared
to steady light (Fig. 2-B—E). FL strongly inhibited root
growth, with greater reduction in root dry weight than in
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Fig. 3 Influence of diverse growth light environments on net photosynthetic light-response curves (P_-PPFD) in soybean seedlings.
A, leaf photosynthesis—light curves. B, the maximum photosynthetic rate. HH, high-light; ML, medium-light; LL, low-ight; FL, fluctuating

light. A,
between different densities at the P<0.05 level.

the maximum photosynthetic rate. Bars mean SD (n=6). Different lowercase letters indicate statistically significant differences

Table 1 Variations in leaf gas exchange parameters under different light treatments”

Treatment P (umol m2s™) G, (mol m2s™) C. (umol mol~") G, (mol m2s™) C, (umol mol™") E (mol m2s)
High-light 21.26+2.72 a 0.27+0.08 a 267.89+21.18 b 0.19+0.05 a 153.35+19.31 a 2.09+0.13 a
Medium-light 14.66+2.47 b 0.26+0.05 a 279.57+33.49b 0.15+0.05 a 162.62+38.18 a 1.17£0.11b
Low-light 3.71+0.76 ¢ 0.02+0.009 b 301.09+17.20 a 0.03+0.02 b 143.44+30.09 a 1.33£0.33 b
Fluctuating-light ~ 16.34+3.13 d 0.22+0.06 a 286.12+33.32 b 0.12+0.03 a 146.04+23.11 a 2.51+0.21 a

Y P, net assimilation rate; G,, stomatal conductance; C, intercellular CO, concentration; G,,, mesophyll conductance; C,, CO, concentration in

the chloroplast stroma, E, transpiration rate.

Data are shown as mean+SD (n=6). Different letter means significant difference at P<0.05.
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Fig. 5 Responses of photosynthetic gas exchange parameters and chlorophyll (Chl) a fluorescence parameters in soybean during
alternating high- and low-light conditions. The gray boxes in each figure represent the periods of low-light, whereas the white boxes
represent the periods of high light. P, net assimilation rate; G_, stomatal conductance; C, intercellular CO, concentration; E, transpiration
rate; V___ ., maximum carboxylation rate of Rubisco; J__, maximum electron transport rate; ®CO,,, quantum efficiencies of CO, assimilation;
®PSII, actual photochemical efficiency of photosystem II; NPQ, nonphotochemical quenching. Bars mean SD (n=6).
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Fig. 6 Response speed of photosynthetic parameters to fluctuations in light intensity. The time it takes for photosynthetic
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for photosynthetic parameters to decrease by 95% during the transition from HL to LL (7). P, net CO, assimilation rate; G, stomatal
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quenching. Bars mean SD (n=6). Different lowercase letters indicate statistically significant differences between different groups at
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Fig. 7 Correlation analysis of photosynthetic parameters and carbon assimilation in fluctuating light. A, relationship between
the loss in photosynthetic carbon assimilation and the time it takes for stomatal conductance to reach 95% of their maximum value
(T,5-G,) during photosynthetic induction. B, relationship between the loss in photosynthetic carbon assimilation and the time it takes for
nonphotochemical quenching (NPQ) to decrease by 95% during the post-irradiation stage. C, relationship between stomatal conductance
(G, and net assimilation rate (P,) after changing from LL to HL. D, correlation analysis of NPQ and quantum efficiencies of CO, assimilation
(dD&OZ). The sample size employed in all correlation analyses was identical, n=6. R? represents the coefficient of determination, P<0.05
was considered significant, whereas P<0.01 was markedly significant.

aboveground biomass. This response varies by species: higher specific leaf area. In this study, specific leaf weight
wheat and Amaranthus caudatus show reduced root/shoot was significantly lower in FL-grown seedlings (Fig. 2-D),
ratios under FL, while Celosia argentea does not (Karpinski suggesting development of thinner, less dense leaves — a
et al. 2013). The Chl a/Chl b was lower in FL-treated leaves common shade-acclimation-like response (Evans and Poorter
than ML (Fig. 2-F), indicating relatively more light-harvesting 2001).

complexes relative to reaction centers in PSIl — a trait typical Soybeans under FL exhibit traits resembling shade
of shade-acclimated leaves (Albanese et al. 2018). Morales adaptation. This raises the question: Are these physiological

and Kaiser (2020) noted that plants under FL exhibit ~12% changes due to acclimation to low-irradiance phases during
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FL? While FL includes LL periods absent in ML, unlike
morphological changes, FL did not induce shade-type
alterations in CO, assimilation (Table 1). Photosynthetic
capacity, indicated by A, was unaffected by FL (Fig. 3-B).
Under LL, coordinated changes in stomatal and anatomical
traits reduced carbon availability, lowering photosynthetic
capacity (Appendix D). Morales and Kaiser (2020) similarly
reported minimal FL impact on photosynthetic capacity.
These findings suggest FL acclimation is distinct from LL
acclimation. Cumulative daily light was equal for FL and
ML, ruling out light deficiency as a cause of “shade-like”
morphology. Tomimatsu and Tang (2016) showed that
herbaceous plants assimilate less carbon under FL at low
CO,, but elevated CO, enhances carbon gain. Thus, FL-
induced growth inhibition in soybean likely stems from
reduced carbon assimilation, not light deficiency.

4.2. Carbon assimilation reduction: A delayed photo-
synthesis response rather than altered photosynthetic
capacity in FL

The reduction in carbon assimilation was not due to
diminished photosynthetic capacity, but to delayed
photosynthetic responses under FL. Stomatal opening was
notably slower than photosynthetic induction. Time for G, to
reach 95% of maximum exceeded that for other parameters.
Xiong et al. (2021) found rice stomatal conductance matches
photosynthesis rate, possibly due to dumbbell-shaped
stomata requiring less osmotic change (Nunes et al. 2020),
enabling faster response than soybean’s kidney-shaped
stomata. Light-induced stomatal movement regulates carbon
assimilation and water use efficiency (Deans et al. 2019).
Typically, stomatal response lags behind photosynthesis
(Eyland et al. 2021). Here, G, continued rising after P,
stabilized (~800 s), indicating desynchronization. This
mismatch may reduce water use efficiency. Lawson and
Blatt (2014) modeled that synchronizing stomatal and
photosynthetic responses could improve internal water use
efficiency by >20%. Therefore, enhancing coordination under
FL is crucial for water conservation, drought resilience, and
future yield improvement.

FL led to reduced photosynthetic carbon assimilation in
soybean, particularly during the photosynthetic induction
phase (Fig. 4). What factors constrain carbon assimilation
in soybean? The relative significance of stomatal diffusion
and biochemical limitations during photosynthetic induction
varies notably among plant species. In rice, stomatal
regulation exerts minimal influence during photosynthetic
induction, where the primary constraints are biochemical
processes associated with Rubisco carboxylation (Acevedo
Siaca et al. 2020; Acevedo-Siaca et al. 2021). Sakoda
et al. (2021) demonstrated that under FL conditions, stomatal
dynamics significantly affect photosynthetic performance.
In Arabidopsis thaliana, Manihot esculenta, and Nicotiana
tabacum, stomatal opening plays a pivotal role in limiting
photosynthetic induction under FL (De Souza et al. 2020;
Sakoda et al. 2021). In soybean, our study indicates that
the rate of stomatal opening is a key constraint. Soleh
et al. (2016) support this interpretation, reporting that stomatal

limitation progressively increases during induction in soybean.
However, they suggest that the rate of Rubisco activation
is the primary factor underlying genotypic differences
in induction responses. Following abrupt increases in
irradiance, J,., increased rapidly (Fig. 5), with its activation
kinetics exceeding those of P, (Fig. 6-B and C). This
indicates that limitations in (2014) photosynthetic electron
transport had negligible effects on P, during induction.

A significant positive correlation was observed between the
reduction in carbon assimilation during photosynthetic induction
and the time required for stomatal conductance to reach 95% of
its maximum (Fig. 7-A). Additionally, a strong positive correlation
existed between G; and P, (Fig. 7-C). These findings imply that
accelerating stomatal opening could enhance photosynthetic
induction in soybean. Such an improvement may serve as a
viable breeding target to increase whole-plant carbon gain and
dry matter production under field conditions. Our study did not
assess the potential inhibitory effect of leaf internal conductance
to CO, diffusion in dynamic light environments. Previous
studies suggest that G,, adjusts rapidly to changes in light
intensity, thereby exerting minimal influence on P,. However,
recent evidence highlights a substantial limitation imposed by
G,, during photosynthetic induction. This discrepancy arises
because the variable J method, commonly used in steady-state
measurements, is unsuitable for estimating G,, under dynamic
conditions. In contrast, online carbon isotope discrimination
methods, such as those employed by Liu et al. (2022), measure
differential utilization rates of ?CO, and "CO, during diffusion
or biochemical reactions, enabling more accurate G,, estimation
in FL.

The relaxation rate of NPQ is slower than its induction rate,
potentially causing unnecessary reductions in CO, fixation
under variable light (De Souza et al. 2022). Our results support
this hypothesis. The time required for a 95% decline in NPQ
substantially exceeded that for recovery (Fig. 7-C). Upon
transitioning to LL conditions, ®@CO, gradually increased (Fig. 5),
showing a significant negative correlation with NPQ (Fig. 7-D).
This suggests that excitation energy available for CO,
assimilation was dissipated as heat via sustained NPQ, resulting
in atransient decrease in the photosynthetic quantum yield of
CO, fixation after HL exposure. The extent of post-irradiance
reduction in carbon assimilation showed a strong positive
correlation with the duration of NPQ relaxation (Fig. 7-C).
Therefore, NPQ may increasingly limit carbon assimilation in
field environments due to frequent light fluctuations caused by
cloud cover and wind-driven canopy movement (Fig. 8).

5. Conclusion

FL reduces soybean dry matter accumulation, leaf thickness,
specific leaf weight, and the Chl a/Chl b levels. The inhibitory
effect of FL on soybean growth stems from reduced carbon
assimilation, not from diminished photosynthetic capacity,
but rather from delayed responsiveness to changing light.
During transitions from low to high light, slow stomatal
opening restricts CO, supply, thereby limiting photosynthesis.
Upon return to LL, delayed relaxation of photoprotective
mechanisms impairs light use efficiency.
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