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Abstract: High temperatures have adverse impacts on the photosynthetic efficiency and
yield of many crop plants. This study investigated how high temperatures affect the
photosynthetic efficiency parameters and chloroplast ultrastructure of three edamame
cultivars (AGS354, UVE17, and UVE14) at the reproductive stages (flowering and pod-
filling). Heat stress (HS) treatments were performed under controlled conditions in climate
chambers set at 25/18 ◦C (control), 30/23 ◦C (HS-I), and 35/28 ◦C (HS-II). The AGS354
cultivar exhibited the greatest susceptibility under HS-II treatment, characterised by a
reduction in the photochemical reactions, decreased chlorophyll-a (chl-a) and carotenoid
accumulation, the highest increase in the starch grain traits, and reduced plastoglobule
and grana area traits. In UVE 14 and UVE17, the HS-II treatment enhanced chl-a and
chl-b accumulation. Elevated carotenoid levels in UVE14 and UVE17 likely protected
chlorophyll from degradation and mitigated photooxidative damage. The HS-II treatment
also enhanced the grana traits, supporting improved light-harvesting capacity during
heat stress in UVE14 and 17. However, heat stress disrupted the photochemical reactions
(quantum efficiency of photosystem II, performance index absorbance, and performance
index), indicating that elevated carotenoids alone do not exhibit complete tolerance to
heat stress. Since plastoglobules play an essential in carotenoid biosynthesis, increased
or stabilised plastoglobule traits in UVE14 and UVE17 under HS-II treatment strongly
indicate improved heat stress tolerance. Overall, UVE14 and UVE17 emerged as the most
heat-tolerant cultivars, with AGS354 being the most susceptible. These findings provide
valuable insights into heat stress adaptation mechanisms and suggest the UVE14 and
UVE17 cultivars as potential candidates for breeding heat-tolerant edamame cultivars.

Keywords: chlorophyll; chloroplast ultrastructure; heat stress; photosynthesis;
vegetable-type soybeans

1. Introduction
Vegetable-type soybean, also known as edamame, Glycine max (L.) Merr. is a well-

known legume crop in Asia and America, but in Africa, it is considered relatively new and
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underutilised [1,2]. In South Africa, edamame was introduced in 2009 by the Edamame
Development Program; however, its cultivation area is still small. Edamame is a good
source of complete protein as it contains all eight essential amino acids. In addition to
protein, it is rich in various vitamins, minerals, isoflavones, fibre, magnesium, and folate.
The literature also suggests that edamame may offer health benefits [3]. Rising global
temperatures, driven by increased greenhouse gas emissions, significantly threaten crop
productivity [4,5]. It is projected that temperatures will increase by 1.4–3 ◦C (2050) and
2–3 ◦C (2100) [6]. Although a 1 ◦C temperature increase may seem minor, it can significantly
reduce soybean yields by up to 17% [7].

High temperatures negatively impact physiological processes such as photosynthesis,
particularly in C3 plants. One of the contributing factors is that Rubisco, which has a low
affinity for carbon dioxide (CO2) under high temperatures, activates photorespiration, an
energy-wasteful process that affects plants and inhibits photosynthesis and plant growth [8].
In addition, high temperatures can dissociate the oxygen-evolving complex (OEC), reduce
the supply of electrons to the light-dependent electron transport chain, inhibit the max-
imum quantum efficiency of the photosystem (PS) II reaction centre (Fv/Fm), reduce
chlorophyll (chl)-a (chl-a) and chl-b, and reduce the chl-a/b ratio in plants [9]. Photosystem
II (PSII) is the most heat-sensitive component of photosynthesis. It plays a critical role
in the light-dependent reactions of photosynthesis, where it is responsible for splitting
water molecules (photolysis) to release oxygen, protons, and electrons [10]. In grain-type
soybeans, heat stress introduced at flowering reduced the leaf photosynthesis rate, stomatal
conductance (SC), stomatal density, Fv/Fm, and photochemical quenching (PQ), increased
non-photochemical quenching (NPQ), and damaged the chloroplasts, resulting in reduced
seed yield and plant health [11,12].

Since photosynthesis occurs in the chloroplasts, maintaining the integrity of their ultra-
structure is essential for regulating the light-dependent reactions, which in turn determine
the photosynthetic performance of crops under various environmental conditions [11,13].
The suitable parameters for understanding the effects of heat stress on the ultrastructural
changes of the chloroplast include the shape and the size of chloroplast, the number, area,
and structure of grana, the number and size of starch grains, and the number and size
of plastoglobules [11,13,14]. In grain-type soybeans, heat stress increased the size of the
mesophyll chloroplast [15]. The changes at an ultrastructural level under heat stress are
frequently driven by the excessive production of the reactive oxygen species (ROS) in the
chloroplasts, which oxidise the lipids and proteins in the thylakoids [12]. Such oxidations
compromise the integrity of the thylakoid membranes, inhibiting the photochemical pro-
cesses [16,17]. The ROS could cause the plastoglobules to swell [18,19] or release lipids,
leading to their shrinkage to protect the plants [20]. Zhang et al. [21] reported similar
chloroplast swelling and plastoglobule changes in Arabidopsis under heat stress. More-
over, heat stress could cause chloroplast envelope damage, swelling of the thylakoids,
less stacked thylakoids, obscure granum and stroma lamellae, and enlarged starch grains,
reflecting poor photosynthetic status [15,17]. The inhibition of photosynthesis reduces
the assimilation of the reducing sugars, leading to more starch storage and increased
starch size [17]. In grain-type soybeans, heat stress reduced grana stacking [22], leading
to reduced efficiency of light-dependent reactions. Herritt et al. [13] also showed that the
chloroplast ultrastructural responses were influenced by the genotype and the duration
of exposure to heat stress in grain soybeans. Djanaguiraman et al. [11] emphasised that a
plant’s developmental stage significantly affects its photosynthetic response.

Although edamame is consumed worldwide, there is still limited research on its
responses to environmental stresses, particularly heat stress. Most studies are conducted
on grain soybeans, and they focus on the photosynthetic responses under short-term
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heat exposure at either vegetative or flowering stages. Expanding knowledge to examine
the effects of heat stress on the photosynthetic responses across all reproductive stages,
flowering and pod-filling, would significantly enhance our understanding, as the current
literature lacks comprehensive records on this topic in edamame. Current research on
edamame has primarily focused on drought stress or the combined effects of drought
and heat stress [23,24], leaving a gap in understanding the specific impacts of heat stress
alone on photosynthesis during both reproductive stages. Given the varying drought
tolerances among edamame cultivars AGS354 (susceptible), UVE14 (tolerant), and UVE17
(susceptible) [25], it is crucial to assess their photosynthetic performance under high-
temperature conditions. Similarly, under combined drought and heat stress, UVE14 had
higher photosynthetic efficiency compared to UVE17 [24]. Considering the challenges
associated with rising global temperatures, identifying heat-tolerant edamame cultivars
is very important, which could enhance breeding programs focused on improving heat
resilience. In addition, stable photosynthetic parameters under heat stress may serve as
reliable criteria for selecting suitable heat-tolerant cultivars. Therefore, the goal of this
study was to examine the effects of heat stress when applied at both reproductive stages
(flowering and pod-filling) on the photosynthetic efficiency of three edamame cultivars
(AGS354, UVE14, and UVE17) introduced in South Africa. These findings can inform
targeted breeding to enhance edamame resilience in challenging climates, thus contributing
to food security.

2. Materials and Methods
2.1. Plant Material, Experimental Setup, and Sampling

Three edamame cultivars (UVE17, AGS354, and UVE14 originating from the South
African Edamame Development Program, KwaZulu-Natal) were germinated in seedling
trays. Each tray contained 12 seeds per cultivar, with 1 seed planted per cell, using
Hygromix seedling mix (Hygrotech, Pretoria, South Africa). The trays were kept in a
greenhouse under controlled conditions, maintaining a daytime temperature of 25 ◦C and
a nighttime temperature of 18 ◦C. Once the seedlings reached the unifoliate leaf stage,
they were transplanted. Due to the lack of information on the responses of South African
edamame cultivars to moderately elevated temperatures, cultivars were selected based on
their drought tolerance. This selection allows for evaluating whether a drought-tolerant
cultivar could potentially exhibit tolerance to both drought and heat stress, and whether a
drought-susceptible cultivar might tolerate heat. AGS354 is high-yielding edamame that
shows significant yield reduction under drought; UVE17 is also drought-susceptible and
low-yielding, while UVE14 is drought-tolerant but low-yielding [25].

The seedlings (one seedling per pot) were planted in 9 L pots containing 10 kg dry red
loamy sandy soil, which was irrigated to optimum water holding capacity as established by
Moloi and van der Merwe [23]. Three growth chambers were set at different temperature
treatments (control: 25/18 ◦C, heat stress (HS)-I: 30/23 ◦C, HS-II: 35/28 ◦CI) to assess
the effects of heat stress on the photosynthetic efficiency of three edamame cultivars.
Given the importance of the reproductive stages for crop yields, plants were exposed to
these temperature treatments throughout the flowering (8 days) and pod-filling (8 days)
stages. After each stage, plants were returned to the greenhouse at 25/18 ◦C. The pots
were arranged using a completely randomised, split-plot design where the main plot
was the three temperature treatments (control, HS-I, and HS-II) and the sub-plot was the
cultivars (AGS354, UVE17, and UVE14). The design included three biological replications
per cultivar and treatment, with four pots per plot. Since soybeans are known to tolerate
temperatures up to 30 ◦C, the minimum temperature (night) was raised to induce heat
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stress. The control treatment of 25/18 ◦C aligns with the optimal temperatures for soybean
production in South Africa [26].

Sampling was conducted for each of the four pots within each replicate, targeting
young, fully expanded trifoliate leaves eight days after exposure to each temperature
treatment at the flowering and pod-filling stages. It was important to sample at these
stages because although high-temperature stress can directly affect physiological processes
and alter growth and development, the response depends on the sensitivity of the growth
phase [27]. Leaf data sampling was conducted using both non-destructive and destructive
methods. In the non-destructive approach, data were collected in vivo without removing
the leaves, with data from each pot (trifoliate) within a replicate averaged to represent
that replicate. For destructive measurements, the harvested trifoliate leaves from each pot
within a replicate were combined and homogenised to represent a single replicate in the
analysis. For chloroplast ultrastructure measurements, a method described by Spurr [28]
was used to prepare the leaf samples for transmission electron microscopy (TEM). Leaf
discs (0.5 cm diameter) were sampled from young, fully expanded leaves (same used for
other photosynthetic parameters) at the pod-filling stage and immediately fixed in 0.1 M
sodium phosphate buffer (pH 7.0) containing 3% (v/v) glutardialdehyde.

2.2. Non-Destructive Measurements

Sampling for the chlorophyll fluorescence parameters was performed at the flowering
and pod-filling stages between 10:00 a.m. and noon, according to Hlahla et al. [24]. The
Pocket photosynthetic efficiency analyser (PEA) instrument (Hansatech Instrument, King’s
Lynn, UK) was attached to leaf clips on the young, fully expanded trifoliate leaves following
a 30 min dark adaptation. A saturating light (3000 µmol m−2s−1) was used to initiate the
photochemical reactions. These measurements aimed to assess the impact of heat on several
parameters, including the maximum quantum efficiency of photosystem II (Fv/Fm), the
performance index (potential) for energy conservation from exciton to the reduction of
intersystem electron acceptors (PIabs), and the performance index (potential) for energy
conservation from exciton to the reduction of PSI end acceptors (PItot).

Stomatal conductance was measured using a leaf porometer, a device from Li-Cor
(ADC Bioscientific Ltd., Hoddesdon, UK). This instrument quantifies the humidity gradient
between the leaf chamber and its surroundings, thereby providing data for stomatal
conductance (SC). The leaf porometer’s sensor was placed on the underside of the leaf,
where stomata are concentrated, for more accurate SC measurements. The measurements
were taken between 10:00 a.m. and noon.

2.3. Destructive Measurements
2.3.1. Determination of the Photosynthetic Pigments and Total Soluble Sugar Contents

After sampling, the homogenised leaves from each pot (as described in Section 2.1)
were crushed to a fine powder in liquid nitrogen and stored at −20 ◦C for quantification
of the photosynthetic pigments (chl-a, chl-b, and carotenoids) and TSS. Pooling the leaves
from each pot was necessary to ensure a representative sample of the plant material, as
variability in photosynthetic pigment content and total soluble sugars (TSSs) can occur
across individual plants within a pot. Homogenising and crushing the leaves minimised
the sampling errors and ensured the consistency of the analysis. For measurement of the
photosynthetic pigments, frozen leaf tissue (100 mg) was homogenised in 2 mL of 80%
(v/v) ice-cold acetone (Sigma-Aldrich, Saint Louis, MO, USA) and centrifuged (5000× g for
5 min at 4 ◦C), and the resulting supernatant was used for the quantification of chl-a, chl-b,
and carotenoids according to a method described by Pareek et al. [29].
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Total soluble sugars (TSSs) were extracted and quantified following Irigoyen et al. [30].
Frozen leaf powder (0.1 g) was homogenised in 96% (v/v) ethanol, incubated at 80 ◦C for
10 min, and then centrifuged at 4000× g for 10 min at 4 ◦C. The supernatant (50 µL) was
mixed with 1450 µL Anthrone reagent (1.5 mg/mL in 72% (v/v) sulfuric acid), vortexed, and
incubated at 80 ◦C for 15 min. Absorbance was measured at 625 nm (Cary 100 Bio, Varian,
Belrose, Australia), and the TSS concentration was calculated from a glucose standard.

2.3.2. Chloroplast Ultrastructure Assessments

After sampling (as described in Section 2.1), the leaves were further fixed overnight
in 0.1 M sodium phosphate buffer (pH 7.0) containing 3% (v/v) glutardialdehyde at room
temperature. Samples were subsequently post-fixed with 1% (m/v) osmium tetroxide in the
same buffer for 2 h at room temperature and dehydrated in a graded acetone series before
being embedded in Spurr epoxy resin. Ultrathin sections (100 nm thickness) were cut from
the samples using a Leica ultramicrotome EM UC7 (Vienna, Austria). Sections were stained
with uranyl acetate and lead citrate and then examined under a Philips CM100 TEM (FEI,
Amsterdam, The Netherlands) at various magnifications (1450×, 13,500×, and 25,000×) to
observe the mesophyll cells and chloroplasts. Sections/TEM samples were viewed using a
Philips CM100 TEM at an acceleration voltage of 80 kV, and images were captured with
a side-mounted Megaview III Camera (Soft Imaging System, Münster, Germany), using
analySIS software (version 1).

The following micromorphometric parameters were examined: mesophyll cell size
(µm2), number of chloroplasts (No.) (each chloroplast in the mesophyll cell was counted
and summed up), chloroplast length (µm), chloroplast width (µm), total chloroplast area
(µm2) (the area of every chloroplast was measured and totalled in each examined mes-
ophyll cell), average chloroplast area (µm2) (the total area of chloroplast was divided
by the number of chloroplasts for each mesophyll cell), chloroplast cover index (%) (the
chloroplast area was divided by the mesophyll cell area and multiplied by 100), total grana
number per chloroplast (No.) (each granum was counted and totalled in the examined
chloroplasts), total grana area (µm2) (the area of all grana was measured and summed
per chloroplast), average grana area (µm2) (total grana area was divided by the number
of grana in chloroplast), percent grana area (%) (the total grana area was divided by the
chloroplast area and multiplied by 100), grana height (µm), number of grana lamellas (No.),
grana lamella/lumen thickness (µm), total number of starch grains per chloroplast (No.)
(the number of starch grains present in each chloroplast was counted), total starch grain
area (µm2) (the area of every starch grain was measured and totalled in every examined
chloroplast), average starch grain area (µm2) (the total area of starch grains was divided by
the number of starch grains for each chloroplast), percent starch grain area (%) (the total
starch grain area was divided by the chloroplast area and multiplied by 100), starch grain
length (µm), starch grain width (µm), total number of plastoglobules per chloroplast (No.)
(the number of plastoglobules present in each chloroplast was counted), total plastoglobule
area (µm2)) (the area of every plastoglobule was measured and totalled in every examined
chloroplast), average plastoglobule area (µm2) (the total area of plastoglobules was divided
by the number of plastoglobules for each chloroplast), percent plastoglobule area (%) (the
plastoglobule area was divided by the chloroplast area and multiplied by 100), plastoglob-
ule height (µm), plastoglobule width (µm). A VSI RZ302 measuring program was used to
measure the above micromorphometric parameters. The examined micromorphometric
parameters were measured and digitally archived at 6000× (for complete mesophyll cell),
8000× and 11,500× (for complete chloroplast), and 66,000× (for grana) magnifications.
For data reliability, ten chloroplasts were examined per cultivar and treatment, and the
averages of the resulting traits were recorded.
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2.4. Statistical Analysis

An analysis of variance (ANOVA) was conducted on the chloroplast ultrastructure
data using IBM SPSS Statistics 26.0 software, followed by a Tukey’s b-test for treatment
comparisons (p = 0.05). ANOVA for the photosynthetic efficiency parameters was con-
ducted using Tibco Statistica version 7. The Shapiro–Wilk normality test was used to test
for the normality of the collected data. The Fischer’s protected least significant differences
(LSD) test at the alpha value of p = 0.05 was used for mean separation.

3. Results
3.1. Effects of Heat Stress on Photosynthetic Efficiency Parameters

Heat stress significantly impacted various photosynthetic efficiency parameters in the
three edamame cultivars. The HS-I treatment had no significant effect on most photosyn-
thetic efficiency parameters in both UVE17 and UVE14 either at the flowering or pod-filling
stage. However, at the flowering stage, the HS-II treatment led to notable increases in
chlorophyll a (56%), chlorophyll b (49%), and carotenoids (31%) in UVE17. Similarly, this
treatment significantly increased the pigments chl-a (97% increase), chl-b (105% increase),
and carotenoids (23% increase) in UVE14. Contrary, in AGS354, when exposed to HS-II, the
cultivar showed a significant decrease in chl-a (43%), while chl-b and carotenoids remained
stable (Table 1). At pod-filling under HS-II treatment, UVE17 showed a substantial increase
(82%) for chl-a only, while chl-b and carotenoids remained unchanged. For UVE14, both
chl-a and chl-b were substantially increased (113% and 72%, respectively) under HS-II
treatment. The chl-a and chl-b remained unchanged under HS-II treatment in AGS354,
while carotenoids were substantially reduced (27%). The only increase in photosynthetic
pigments for this cultivar was under mild-temperature (HS-I) treatments (Table 2).

Table 1. The photosynthetic efficiency parameters of three edamame cultivars under heat stress at the
flowering stage.

Treatment Chl-a
(mg/g fw)

Chl-b
(mg/g fw)

CRDs
(mg/g fw)

Fv/Fm
(a.u)

PIabs
(a.u)

PItot
(a.u)

SC
(mmol/m2/s)

TSS (mg
glucose/g fw)

UVE17 Control 8.820 bcd 7.650 ab 9.820 b 0.8330 d 9.377 f 7.288 f 160.0 a 0.221 a

UVE17 HS-I 8.550 bc 7.720 ab 11.03 bc 0.8202 bcd 5.182 cd 3.084 bcd 160.5 a 0.228 a

UVE17 HS-II 13.76 e 11.39 bc 12.96 cd 0.8149 bc 4.115 bc 1.875 ab 145.5 a 0.157 a

AGS354 Control 6.770 ab 5.290 a 7.51 a 0.8311 cd 5.705 cde 4.141 cde 179.3 ab 0.235 a

AGS354 HS-I 14.07 e 13.12 c 12.40 c 0.8166 bcd 2.273 ab 1.135 ab 255.6 c 0.287 a

AGS354 HS-II 3.880 a 3.670 a 6.71 a 0.7837 a 1.756 a 0.928 a 208.8 abc 0.195 a

UVE14 Control 12.68 cde 10.29 bc 12.05 c 0.8274 cd 6.820 de 5.741 ef 245.6 bc 0.182 a

UVE14 HS-I 12.97 de 9.990 bc 12.16 c 0.8230 bcd 7.385 e 4.347 de 338.5 d 0.223 a

UVE14 HS-II 25.07 f 21.11 d 14.79 d 0.8082 b 4.656 c 2.202 abc 341.2 d 0.235 a

Values represent means (n = 3). Different mean letters within the columns indicate significant differences between
treatments (p ≤ 0.05). Abbreviations: chl-a = chlorophyll a, chl-b = chlorophyll b, CRDs = carotenoids, fw: fresh
weight, control = 25/18 ◦C, HS-I = 30/23 ◦C, HS-II = 35/28 ◦C.

The effects of heat stress on the efficiency of the light-dependent reactions of pho-
tosynthesis are also represented in Table 1. Although Fv/Fm was reduced under HS-II
treatment in all cultivars at both reproductive stages, the highest reduction was observed
at flowering in AGS354. During the flowering stage, HS-II treatment reduced the PIabs
and PItot significantly in UVE17 (56% and 74% decrease, respectively), AGS354 (69% and
78%, respectively), and UVE14 (32% and 61% decrease, respectively). Similarly, at pod-
filling, these parameters remained substantially reduced in UVE17 and UVE14 under HS-II
treatment. In contrast, at the pod-filing stage, HS-II treatment was not significant for these
parameters in AGS354 (Tables 1 and 2).
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At flowering, the SC for UVE17 was not significantly affected by HS-II treatment. In
contrast, the treatment increased SC significantly in UVE14 (1.4-fold increase) and AGS354
(1.2-fold increase). At pod-filling, however, all cultivars had reduced SC under HS-II
treatment, with UVE14 showing the least reduction (Tables 1 and 2).

Table 2. The photosynthetic efficiency parameters of three edamame cultivars under heat stress at the
pod-filling stage.

Treatment Chl-a
(mg/g fw)

Chl-b
(mg/g fw)

CRDs
(mg/g fw)

Fv/Fm
(a.u)

PIabs
(a.u)

PItot
(a.u)

SC
(mmol/m2/s)

TSS (mg
glucose/g fw)

UVE17 Control 12.69 abc 12.32 bc 14.11 bc 0.841 d 14.87 e 13.40 d 417.1 c 0.265 c

UVE17 HS-I 9.190 a 10.44 a 12.68 bc 0.8232 bc 9.114 cd 6.328 bc 115.7 ab 0.203 ab

UVE17 HS-II 23.15 bc 15.54 bc 13.64 bc 0.8149 abc 6.355 abc 3.737 ab 38.76 a 0.229 bc

AGS354 Control 12.92 abc 10.92 a 12.38 b 0.8208 abc 3.383 a 1.924 a 474.8 c 0.212 b

AGS354 HS-I 23.96 bc 18.65 c 13.90 bc 0.8181 abc 5.110 ab 2.921 ab 113.9 ab 0.160 a

AGS354 HS-II 12.93 abc 9.460 a 9.07 a 0.8088 a 4.553 a 1.985 a 60.28 ab 0.220 bc

UVE14 Control 11.71 ab 11.10 a 14.12 bc 0.8268 c 10.043 d 9.412 c 485.9 c 0.200 ab

UVE14 HS-I 16.23 abc 12.74 bc 15.57 c 0.8279 cd 7.925 bcd 5.841 b 116.9 ab 0.226 bc

UVE14 HS-II 24.97 c 19.12 c 15.34 bc 0.8103 ab 4.437 a 1.954 a 136.8 b 0.162 a

Values represent means (n = 3). Different mean letters within the columns indicate significant differences between
treatments (p ≤ 0.05). Abbreviations: chl-a = chlorophyll a, chl-b = chlorophyll b, CRDs = carotenoids, fw: fresh
weight, control = 25/18 ◦C, HS-I = 30/23 ◦C, HS-II = 35/28 ◦C.

The HS-II treatment at both flowering and pod-filling stages did not have any signifi-
cant effects on the TSS content for all cultivars (Tables 1 and 2).

3.2. Effects of Heat Stress on Chloroplast Ultrastructure

The effects of heat stress on photosynthesis were further examined at the ultrastruc-
tural level. Based on the above-measured photosynthetic efficiency parameters, carotenoid
content at pod-filling was the only parameter with clear differences between the cultivars.
Therefore, the micromorphological investigations were only conducted at the pod-filling
stage. In cultivar AGS354, HS-II treatment led to a significant reduction in mesophyll cell
size (MCS, 37% decrease) and total chloroplast area (TCA, 31% decrease) compared to
the control. The average chloroplast area (ACA) was substantially reduced under HS-II
(41% decrease), while the total number of chloroplasts per mesophyll cell (TNCPMC) was
increased. The effects of heat on the grana characteristics were also studied in this cultivar.
The highest impacts were observed under HS-II treatment where there were significant
reductions in the total grana area (TGA, 40% decrease), average grana area (AGA, 42%
decrease), grana height (GH, 58% decrease), and grana lamella/lumen thickness (GLT,
25% decrease). In contrast, the percent grana area (PGA) was significantly increased (89%)
under HS-II treatment. Furthermore, the total grana number per chloroplast (TGNPC)
was slightly increased under HS-II treatment. For the plastoglobule traits, only the total
plastoglobule area (TPA) and percent plastoglobule area (PPA) were significantly reduced
under HS-II treatment. The total number of plastoglobules per chloroplast (TNPPC) and
average plastoglobule area (APA) were not sensitive to increased temperatures for this
cultivar. All starch parameters were significantly increased under HSII treatment in AGS354
(Table 3, Figure 1).

Table 4 and Figure 2 show the effects of heat stress on the chloroplast ultrastructure
characteristics of UVE14. Chloroplast characteristics such as TCA and ACA were not
affected by either HS-I or HS-II treatments in UVE14, while MCS and TNCPMC were
significantly reduced (1.7-fold decrease for each). For the grana traits, the HS-II treatment
significantly increased TGA by 1.5-fold and PGA by 1.3-fold. Other grana traits were
not significantly influenced by HS-II treatment. Compared to the HS-II treatment, fewer
plastoglubule traits were affected under the HS-I treatment in this cultivar. Compared to
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the control, TNPPC, TPA, and APA were not affected by HS-II treatment. Contrary, the PPA
was significantly increased under HS-II treatment (117% increase). For this cultivar, the
largest increases in starch traits were observed under the HS-II treatment, with significant
increases in TNSGPC (3.2-fold increase), TSGA (6.1-fold increase), and PSGA (7.1-fold
increase). The ASGA remained unaffected under HS-II treatment in this cultivar.

Table 3. Effects of heat stress on the chloroplast ultrastructure properties of edamame
cultivar AGS354.

Micromorphological Traits Control HS-I HS-II

Mesophyll cell size (MCS, µm2) 149.9 b 91.88 a 94.94 a

Total number of chloroplasts per mesophyll cell (TNCPMC, No.) 5.000 ab 3.800 a 6.600 b

Total chloroplast area (TCA, µm2) 98.88 b 43.93 a 68.17 a

Average chloroplast area (ACA, µm2) 16.49 b 12.39 ab 9.670 a

Total grana number per chloroplast (TGNPC, No.) 27.14 ab 24.00 a 29.00 b

Total grana area (TGA, µm2) 3.002 c 2.813 b 1.789 a

Average grana area (AGA, µm2) 0.111 b 0.117 b 0.064 a

Percent grana area (PGA, %) 14.75 a 19.95 b 27.91 c

Grana height (GH, µm) 0.260 b 0.150 ab 0.110 a

Grana lamella/lumen thickness (GLT, µm) 0.016 b 0.014 ab 0.012 a

Total number of starch grains per chloroplast (TNSGPC, No.) 0.500 a 3.9000 b 2.910 b

Total starch grain area (TSGA, µm2) 0.033 a 4.730 b 1.340 ab

Average starch grain area (ASGA, µm2) 0.033 a 1.470 b 0.360 ab

Percent starch grain area (PSGA, %) 0.210 a 13.06 b 5.730 ab

Total number of plastoglobules per chloroplast (TNPPC, No.) 12.00 a 12.00 a 14.40 a

Total plastoglobule area (TPA, µm2) 0.195 c 0.025 a 0.067 b

Average plastoglobule area (APA, µm2) 0.012 a 0.002 a 0.004 a

Percent plastoglobule area (PPA, %) 2.110 c 0.362 a 1.010 b

Data represent means (n = 10). Means within the lines followed by the same letter are not statistically significant
at p ≤ 0.05. Control = 25/18 ◦C, HS-I = 30/23 ◦C, HS-II = 35/28 ◦C.
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Figure 1. Chloroplast ultrastructure of heat-stress-treated edamame cultivar AGS354. The images
shown here are in three magnifications (6000× for complete mesophyll cell, 8000× and 11,500× for
complete chloroplast, and 66,000× for grana). The scale bar for each image shows 5 µm for the
6000× magnification, 2 µm for the 8000× magnification, 1 µm for the 11,500× magnification, and
0.2 µm for the 66,000× magnification. Control = 25/18 ◦C, HS-I = 30/23 ◦C, HS-II = 35/28 ◦C.
g: grana, st: stromal thylakoid, sg: starch grain, cw: cell wall. Chloroplast is identified with *. Yellow
arrows mark plastoglobules.
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Table 4. Effects of heat stress on the chloroplast ultrastructure properties of edamame cultivar UVE14.

Micromorphological Traits Control HS-I HS-II

Mesophyll cell size (MCS, µm2) 191.1 b 116.8 a 113.3 a

Total number of chloroplasts per mesophyll cell (TNCPMC, No.) 7.570 b 5.200 ab 4.550 a

Total chloroplast area (TCA, µm2) 111.4 a 63.17 a 84.73 a

Average chloroplast area (ACA, µm2) 14.18 a 14.07 a 13.62 a

Total grana number per chloroplast (TGNPC, No.) 50.00 a 45.00 a 79.00 a

Total grana area (TGA, µm2) 2.082 a 2.458 b 3.195 c

Average grana area (AGA, µm2) 0.042 a 0.055 b 0.040 a

Percent grana area (PGA, %) 18.14 a 27.96 c 24.61 b

Grana height (GH, µm) 0.130 a 0.150 a 0.160 a

Grana lamella/lumen thickness (GLT, µm) 0.011 a 0.013 b 0.012 ab

Total number of starch grains per chloroplast (TNSGPC, No.) 1.200 a 1.800 a 3.820 b

Total starch grain area (TSGA, µm2) 0.080 a 0.160 a 0.490 b

Average starch grain area (ASGA, µm2) 0.060 a 0.110 a 0.140 a

Percent starch grain area (PSGA, %) 0.550 a 1.420 a 3.870 b

Total number of plastoglobules per chloroplast (TNPPC, No.) 9.400 b 5.160 a 9.000 b

Total plastoglobule area (TPA, µm2) 0.061 b 0.025 a 0.064 b

Average plastoglobule area (APA, µm2) 0.008 a 0.002 a 0.007 a

Percent plastoglobule area (PPA, %) 0.361 b 0.318 a 0.785 c

Data represent means (n = 10). Means within the lines followed by the same letter are not statistically significant
at p ≤ 0.05. Control = 25/18 ◦C, HS-I = 30/23 ◦C, HS-II = 35/28 ◦C.
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Figure 2. Chloroplast ultrastructure of heat-stress-treated edamame cultivar UVE14. The images
are shown in three magnifications (6000× for complete mesophyll cell, 8000× and 11,500× for
complete chloroplast, and 66,000× for grana). The scale bar for each image shows 5 µm for the
6000× magnification, 2 µm for the 8000 magnification, 1 µm for the 11,500× magnification, and
0.2 µm for the 66,000× magnification. Control = 25/18 ◦C, HS-I = 30/23 ◦C, HS-II = 35/28 ◦C.
g: grana, st: stromal thylakoid, sg: starch grain, cw: cell wall. Chloroplast is identified with *. Yellow
arrows mark plastoglobules.

Table 5 and Figure 3 present the chloroplast ultrastructure traits of UVE17 under high-
temperature stress treatments. The HS-II treatment had no significant effect on the MCS,
TNCPMC, TCA, and ACA for this cultivar. Similarly, grana traits such as TGNPC, GH,
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and GLT were unaffected by HS-II treatment. Grana characteristics that were significantly
increased under this treatment included TGA (2.6-fold increase), AGA 2.4-fold increase),
and PGA (1.3-fold increase). For the plastoglobule traits, HS-II treatment had no significant
effect on APA. Furthermore, this treatment reduced PPA (27% decrease) and increased
TNPPC and TPA by 90 and 44%, respectively.

Table 5. Effects of heat stress on the chloroplast ultrastructure properties of edamame cultivar UVE17.

Micromorphological Traits Control HS-I HS-II

Mesophyll cell size (MCS, µm2) 116.8 a 113.42 a 141.6 a

Total number of chloroplasts per mesophyll cell (TNCPMC, No.) 7.710 b 4.900 a 7.710 b

Total chloroplast area (TCA, µm2) 93.54 a 57.52 a 82.59 a

Average chloroplast area (ACA, µm2) 9.030 a 13.07 a 11.95 a

Total grana number per chloroplast (TGNPC, No.) 32.00 a 40.00 b 35.00 a

Total grana area (TGA, µm2) 1.266 a 2.173 b 3.229 c

Average grana area (AGA, µm2) 0.039 a 0.054 b 0.092 c

Percent grana area (PGA, %) 19.66 a 18.83 b 24.99 c

Grana height (GH, µm) 0.180 a 0.150 a 0.190 a

Grana lamella/lumen thickness (GLT, µm) 0.011 b 0.009 a 0.012 b

Total number of starch grains per chloroplast (TNSGPC, No.) 0.400 a 1.400 a 3.090 b

Total starch grain area (TSGA, µm2) 0.028 a 0.385 b 0.452 b

Average starch grain area (ASGA, µm2) 0.028 a 0.197 b 0.191 b

Percent starch grain area (PSGA, %) 0.130 a 2.820 b 3.33 b

Total number of plastoglobules per chloroplast (TNPPC, No.) 5.550 a 7.300 a 10.60 b

Total plastoglobule area (TPA, µm2) 0.043 b 0.029 a 0.062 c

Average plastoglobule area (APA, µm2) 0.005 a 0.004 a 0.005 a

Percent plastoglobule area (PPA, %) 0.824 c 0.251 a 0.605 b

Data represent means (n = 10). Means within the lines followed by the same letter are not statistically significant
at p ≤ 0.05. Control = 25/18 ◦C, HS-I = 30/23 ◦C, HS-II = 35/28 ◦C.
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Figure 3. Chloroplast ultrastructure of heat-stress-treated edamame cultivar UVE17. The images
are shown in three magnifications (6000× for complete mesophyll cell, 8000× and 11,500× for
complete chloroplast, and 66,000× for grana). The scale bar for each image shows 5 µm for the
6000× magnification, 2 µm for the 8000 magnification, 1 µm for the 11,500× magnification, and
0.2 µm for the 66,000× magnification. Control = 25/18 ◦C, HS-I = 30/23 ◦C, HS-II = 35/28 ◦C.
g: grana, st: stromal thylakoid, sg: starch grain, cw: cell wall. Chloroplast is identified with *. Yellow
arrows mark plastoglobules.
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The HS-II treatment led to substantial increases in TNSGPC (7.7-fold), TSGA
(16.1-fold), ASGA (6.8-fold), and PSGA (25.6-fold).

The performance comparison of micromorphological traits across cultivars is presented
in Table 6. Under HS-II treatment, cultivars showed no significant differences in MCS,
TCA, ACA, GLT, TNSGPC, PSGA, TPA, and APA. AGS354 had the lowest TGNPC, TGA,
and GH, but recorded the highest PGA, TSGA, ASGA, TNPPC, and PPA. UVE17 recorded
the highest TNCPMC and AGA, while UVE14 had the highest TGNPC. Both UVE14 and
UVE17 showed similarly high performance for TGA (Table 6).

Table 6. A comparison of micromorphological traits among edamame cultivars subjected to the HS-II
treatment during the pod-filling stage.

HS-II AGS354 UVE14 UVE17

Mesophyll cell size (MCS, µm2) 94.94 a 113.3 a 141.6 a

Total number of chloroplasts per mesophyll cell (TNCPMC, No.) 6.600 ab 4.550 a 7.710 b

Total chloroplast area (TCA, µm2) 68.17 a 84.73 a 82.59 a

Average chloroplast area (ACA, µm2) 9.670 a 13.62 a 11.95 a

Total grana number per chloroplast (TGNPC, No.) 29.00 a 79.00 c 35.00 b

Total grana area (TGA, µm2) 1.789 a 3.195 b 3.229 b

Average grana area (AGA, µm2) 0.064 b 0.040 a 0.092 c

Percent grana area (PGA, %) 27.91 b 24.61 a 24.99 a

Grana height (GH, µm) 0.110 a 0.160 ab 0.190 b

Grana lamella/lumen thickness (GLT, µm) 0.012 a 0.012 a 0.012 a

Total number of starch grains per chloroplast (TNSGPC, No.) 2.910 a 3.820 a 3.090 a

Total starch grain area (TSGA, µm2) 1.340 b 0.490 a 0.452 a

Average starch grain area (ASGA, µm2) 0.360 b 0.140 a 0.191 a

Percent starch grain area (PSGA, %) 5.730 a 3.870 a 3.330 a

Total number of plastoglobules per chloroplast (TNPPC, No.) 14.40 b 9.000 a 10.06 a

Total plastoglobule area (TPA, µm2) 0.067 a 0.064 a 0.062 a

Average plastoglobule area (APA, µm2) 0.004 a 0.007 a 0.005 a

Percent plastoglobule area (PPA, %) 1.010 c 0.785 b 0.605 a

Values represent means (n = 10). Means within the lines followed by the same letter are not statistically significant
at p ≤ 0.05. HS-II = 35/28 ◦C.

4. Discussion
The discussion focuses on photosynthetic responses under the highest temperature

treatment (HS-II, 35/28 ◦C), which had the greatest impact on most traits and cultivars
studied. Photosynthetic pigments are essential components of the photosynthesis pro-
cess [31]. Although not significant, the reduction in the chlorophyll (chl)-a level in cultivar
AGS354 under HS-II treatment at the flowering stage corresponds to a reduced maximum
quantum efficiency of photosystem (PS) II (Fv/Fm). This suggests that under HS-II, photo-
synthetic pigments did not effectively capture light, leading to less energy absorbed for
the photochemical reactions in PSII, adversely impacting the electron transport in PSII.
Although the efficiency of PSII was negatively affected compared to the control, the overall
efficiency of the light-dependent reactions (PItot) was not affected at pod-filling, showing
the damage caused by heat in AGS354 targeted PSII. A similar response was observed in
soybeans under heat stress, where a reduction in Fv/Fm did not affect net photosynthe-
sis [13]. In agreement, Ergo et al. [22] further showed that heat stress in soybeans damaged
PSII, resulting in reduced photosynthesis. They further demonstrated a strong correlation
between improved Fv/Fm, chlorophyll content, and yield under heat stress, suggesting that
the compromised PSII in heat-stressed AGS354 may lead to increased non-photochemical
quenching [12]. Notably, this was the only cultivar to exhibit reduced carotenoid accu-
mulation under the HS-II treatment. This suggests greater susceptibility to heat stress,
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as carotenoids play a crucial role in photoprotection, safeguarding the photosynthetic
apparatus, and providing antioxidative defence [32].

Moreover, HS-II treatment significantly increased stomatal conductance (SC) at the
flowering stage in AGS354, suggesting improved CO2 fixation by Rubisco and greater
accumulation of photoassimilates [33]. However, there was no significant increase in total
soluble sugar (TSS) production in this cultivar at the flowering stage, despite the potential
for high CO2 fixation under heat stress. This aligns with the findings of Zhang et al. [34],
who also reported no increase in TSS levels during heat stress, despite high CO2 fixation
rates. Jumrani et al. [12] and Ergo et al. [22] showed that changes at structural level were
responsible for reduced photosynthesis in heat-stressed soybeans.

The impact of heat treatment on chloroplast ultrastructure was explored for this
cultivar at the pod-filling stage. The HS-II treatment increased all the micromorphological
traits associated with the starch grains in AGS354, explaining the observed insignificant or
little accumulation in TSS in this cultivar. This suggests that HS-II treatment in AGS354
alters carbohydrate metabolism, favouring starch storage over the assimilation of simple
sugars. Compared to UVE14 and UVE17, AGS354 had the highest TSGA and ASGA. The
excessive accumulation of starch grains in AGS354 suggests a high vulnerability to heat
stress, as large starch grains may distort thylakoid membranes [35], potentially disrupting
the electron transport chain and impairing PSII functionality.

Since photosynthesis occurs in the mesophyll cell’s chloroplasts, the reduced mes-
ophyll cell size (MCS) under HS-II treatment could be an indication that the cultivar’s
photosynthetic capacity is negatively affected because, for vascular plants, increased mes-
ophyll area represents high CO2 diffusion [36]. Xiong et al. [37] showed that increased
chloroplast surface area leads to high photosynthesis while large chloroplast size impairs
photosynthesis. Glowacka et al. [38] also showed that increased chloroplast size in tobacco
reduced chloroplast movement and non-photochemical quenching, leading to reduced
photosynthesis. Therefore, the significant reduction in the mesophyll cell size (MCS), total
chloroplast area (TCA), and average chloroplast area (ACA) observed in heat-stressed
AGS354 further highlights the detrimental effects of heat stress on this cultivar. A reduction
in these characteristics corresponds to reduced chl-a accumulation in this cultivar. Heat
stress can alter the arrangement and division of chloroplasts, leading to a reduction in
their size [15]. Previous studies, such as those by Paul et al. [39] and Wang et al. [40], have
reported a decrease in chloroplast size linked to chlorophyll degradation under heat stress.

Heat stress also results in a reduction in grana size [41,42], which is linked to damage
to the photosynthetic apparatus and the destabilisation of membrane structures. Over time,
these processes lead to grana disassembly and the destruction of thylakoid membranes [43].
Additionally, heat stress increases the reactive oxygen species (ROS) production in chloro-
plasts, causing oxidative stress, which further contributes to the degradation of thylakoid
membranes and a reduction in granum size [44]. The reduced grana characteristics [total
grana area (TGA), average grana area (AGA), grana height (GH), and grana lamella/lumen
area (GLA)] further demonstrate the negative impact of heat stress on AGS354. Since the
grana comprise a stack of thylakoids, which are important sites for chlorophyll synthesis
and electron transport during light-dependent reactions, any negative impact on them
could also explain the reduced chl-a content in this cultivar. In soybeans, it was found that
the disruption of the vesicular structure of thylakoid membranes decreased the thermal
stability of PSII [45], further supporting the suggestion that photosynthesis was not efficient
in AGS354 under heat stress. Smaller grana promote more efficient linear electron trans-
port, while larger grana enhance cyclic electron transfer [46]. The reduced GH in AGS354
suggests increased linear electron transport during heat stress. However, this does not
yield positive results, as heat stress impairs PSII in this cultivar, reducing the availability
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of electrons to initiate the transport chain. Reduced carotenoid content in HS-II-treated
AGS354 likely contributes to oxidative stress, impacting the structural integrity of the
grana. This disruption negatively affects the photosynthetic machinery, contributing to
the observed reduced photosynthesis. Based on the grana traits, AGS354 was the most
vulnerable cultivar under HS-II stress. It exhibited the lowest grana trait values, which
corresponded to a significantly reduced photosynthetic efficiency.

Plastoglobules are another micromorphological character explaining how AGS354
responded to increased temperature treatment. The reduction in total plastoglobule area
(TPA) and percentage of plastoglobule area (PPA) further shows that HS-II treatment re-
duced the photosynthesis in this cultivar. This reduction may be linked to heat-induced
oxidative stress, which oxidises lipids in plastoglobules, causing their shrinkage and de-
pleting energy reserves. This limits the plant’s capacity to respond to stress and maintain
cellular functions [21]. In contrast, Carrera et al. [15] showed that in soybeans, heat stress
increased plastoglobules accumulation. The reduced plastoglobule area in AGS354 corre-
sponds to reduced carotenoids at pod-filling, further suggesting poor photosynthesis in
this cultivar under heat stress.

Cultivar UVE17 responded to heat stress through improved light-absorption capacity,
with increased chl-a (at both reproductive stages) and chl-b (only at pod-filling). This
shows that under HS-II, enough energy was available to initiate the electron transport in
PSII. Increased carotenoid content at flowering corresponds to increased chl-a, showing
that this cultivar has a high capacity of protecting chlorophyll and PSII from oxidation
under heat stress. Despite sufficient energy being available, the Fv/Fm and performance
indices, PIabs and PItot, were reduced, indicating that the problem during heat stress
lies beyond the light-harvesting capability of this cultivar. This suggests that heat stress
impairs the light-dependent electron transport chain, with a possible increase in non-
photochemical quenching, reducing the photochemical reactions [47]. Furthermore, in
UVE17, HS-II treatment reduced SC at pod-filling, implying that there was insufficient
CO2 substrate available to initiate the Calvin cycle. However, this fixation may be affected
negatively because of the reduced efficiency of the light-dependent reactions (the cultivar
had reduced photochemical reactions), which supply NADPH and ATP for the reduction
and regeneration steps of the Calvin cycle [48], further reducing photosynthesis in this
cultivar. Despite the enhanced light-harvesting capacity and increased carotenoid levels
in this cultivar, both the light-dependent and light-independent reactions were adversely
affected. This indicates that while carotenoids play a significant role in mitigating heat
stress, they alone are insufficient to fully counteract the decline in photosynthesis. Increased
grana area traits (TGA, AGA, and PGA) correspond to the observed strong light-harvesting
ability of this cultivar under heat stress. This enhancement in grana area properties may
be attributed to the protective role of elevated carotenoid levels, which are essential for
maintaining proper thylakoid stacking and membrane dynamics [49].

The increase in the plastoglobule traits (TNPPC and TPA) and starch grains (TNSGPC,
TSGA, ASGA, and PSGA) under heat stress shows that this cultivar stores more energy
reserves during heat stress, partly explaining why the TSS did not increase despite high SC.
Since plastoglobules are associated with alterations in carotenoid storage and contribute to
carotenoid accumulation and storage [50], the observed increase in TNPPC and TPA could
be associated with the observed increase in the carotenoids for UVE17 under heat stress.

Cultivar UVE14 responded positively to HS-II treatment, with significantly increased
chl-a and chl-b levels at the flowering stage. The treatment also enhanced carotenoid accu-
mulation at both reproductive stages, demonstrating the cultivar’s adaptation to heat stress
through improved light-harvesting capacity and protection of the photosynthetic apparatus.
Similar to UVE17, the HS-II treatment negatively impacted the photochemical reactions in
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UVE14, as evidenced by reduced Fv/Fm, PIabs, and PItot. Although SC increased signifi-
cantly at the flowering stage under HS-II treatment, the carbon fixation process may have
been limited by the probable reduction in the photochemical reaction products, namely
NADPH and ATP. This was accompanied by reduced accumulation of soluble sugars and
increased starch grain area traits, indicating that the cultivar prioritised energy storage
during heat stress. Notably, starch grain parameters in UVE14 remained the lowest among
the cultivars, potentially minimising mechanical damage to the thylakoid membranes.
Consistent with this, Du et al. [51] associated increased starch accumulation with heat stress
tolerance in soybeans, explaining that starch acts as a temporary carbohydrate reserve that
can be converted into sucrose for translocation to sink tissues, such as seeds. There, sucrose
is broken down into hexoses, providing the substrates and energy required for pod growth
and filling. Although mesophyll size and the number of chloroplasts decreased under
HS-II treatment in UVE14, the traits associated with grana structure were not significantly
influenced by heat stress. This corresponds to the increased chl-a and chl-b content in this
cultivar under HS-II treatment. The plastoglobule numbers and size were not significantly
affected under HS-II, except for the increased PPA. The increased or stabilised carotenoid
accumulation under heat stress in UVE14 could be associated with the increased PPA and
stable plastoglobule traits, which contributes to the stability of the thylakoid membranes,
leading to improved grana stacking.

5. Conclusions
This study shows that the three edamame cultivars responded differently to heat

stress, with the highest temperature (35/28 ◦C) having the most significant impact on the
photosynthetic parameters of UVE17 and UVE14. Of all the cultivars, AGS354 was the
most susceptible cultivar to heat stress with the highest reduction in the carotenoids, which
account for the reduced chl-a production and reduced grana traits. Heat stress in this
cultivar reduced plastoglobule traits (PPA and TPA), likely due to decreased carotenoid
levels. The lack of carotenoids may also have contributed to the reduction in grana traits
and chlorophyll content. While UVE14 and UVE17 improved their light-harvesting capa-
bility, their responses differed. UVE14 increased both chl-a and chl-b at both growth stages,
whereas UVE17 did not increase chl-b at pod-filling. Despite these pigment increases, nei-
ther cultivar efficiently converted harvested light energy into chemical energy, highlighting
that increased pigment accumulation does not necessarily enhance photosynthesis in this
cultivar. The elevated carotenoid levels likely protected chlorophyll from degradation,
preventing photo-oxidation caused by heat stress. Additionally, increased TGA, AGA,
and PGA suggest that carotenoids contribute to grana protection, supporting the observed
increase in chlorophyll. Since plastoglobules are involved in carotenoid biosynthesis, the
increase or stabilisation of most plastoglobule traits in UVE14 and UVE17 under heat
stress contributes to improved heat stress tolerance. Although carotenoid levels increase
during heat stress as an adaptive response, they could not fully prevent the decline in
photochemical reactions in edamame. This suggests that their primary role during heat
stress tolerance is likely in the antioxidative mechanisms. Future studies should investigate
additional ROS scavenging mechanisms that could complement carotenoids in enhancing
heat stress tolerance in edamame. This study provides valuable insights for targeted heat
tolerance breeding, suggesting UVE14 and UVE17 as potential candidates for such pro-
grams. Continued research into the physiological and molecular mechanisms underlying
these responses will be essential for developing effective strategies to sustain edamame
production under rising global temperatures. Although this study adds value, field studies
are crucial to confirm these findings and adapt them to practical agricultural applications.
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