
Academic Editor: Thomas E. Marler

Received: 22 December 2024

Revised: 22 January 2025

Accepted: 24 January 2025

Published: 27 January 2025

Citation: Ding, W.; Chang, S.; Feng,

S.; Sun, H.; Yue, J.; Qiao, J.; Zheng, W.;

Ru, Z. Synergistic Ability and Effect of

Leaf Color and Leaf Thickness to

Improve the Photosynthetic

Performance of Wheat. Agronomy 2025,

15, 325. https://doi.org/10.3390/

agronomy15020325

Copyright: © 2025 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

(https://creativecommons.org/

licenses/by/4.0/).

Article

Synergistic Ability and Effect of Leaf Color and Leaf Thickness
to Improve the Photosynthetic Performance of Wheat
Weihua Ding 1,†, Sujing Chang 1,†, Suwei Feng 1, Haili Sun 2, Junlong Yue 1, Jian Qiao 1, Weihua Zheng 1

and Zhengang Ru 1,*

1 Henan Institute of Science and Technology, Collaborative Innovation Center of Modern Biological Breeding,
Xinxiang 453003, China; dingweihua636@163.com (W.D.); c13140582096@163.com (S.C.);
13503738562@163.com (S.F.); yue786689020@163.com (J.Y.); qiaojian0213@163.com (J.Q.);
15090320625@163.com (W.Z.)

2 Henan Institute of Science and Technology, School of Life Sciences, Xinxiang 453003, China; hope209@163.com
* Correspondence: rzgh58@163.com
† These authors contributed equally to this work.

Abstract: Leaf traits are important factors affecting the photosynthetic capacity of crops.
In Bainong 4199 (BN4199) and Aikang 58 (AK58) wheat, the role of leaf color and leaf
thickness in improving wheat photosynthetic performance and its influence on material
accumulation and yield were studied in the field environment. Compared with AK58,
BN4199 has a deeper leaf color and thicker leaves. Further study on photosynthetic
physiological characteristics showed that the photosynthetic capacity of BN4199 with
deep color and thick leaves was higher than that of AK58 at flowering stage, 7 days after
flowering, 15 days after flowering, and 20 days after flowering regardless of low light in the
morning and evening or light at noon. During the flowering stage, the light saturation point
and compensation point were 1% higher and 15.23% lower, respectively, in BN4199 than
AK58. According to the diurnal variation in chlorophyll content in different growth stages,
BN4199 was generally higher than AK58, and the chlorophyll content was the highest at
each time point 7 days after flowering. The chlorophyll content was highest at each time
point 7 days after flowering. Chlorophyll fluorescence parameters and light reflectance
analyses indicated that BN4199 has significantly higher photosynthetic electron transport
and population light energy absorption and utilization capacity than AK58. The 2-year
field yields indicated significantly higher material accumulation in BN4199 than AK58. In
summary, thick leaves with deep color were resistant to both strong light and weak light,
thus, markedly increasing photosynthetic efficiency. Improvement in leaf color and leaf
thickness might serve as an important index to enhance the photosynthetic performance of
wheat, and achieve improvement and breeding of wheat with high light efficiency.

Keywords: wheat; leaf color; leaf thickness; photosynthetic characteristics; material
accumulation and transport; yield

1. Introduction
Wheat (Triticum aestivum L.) is an important cereal crop worldwide [1,2]. Because

wheat is a staple food for approximately 35% of the world’s population [3,4], estimates
suggest that wheat production must increase by 60% by 2050 to feed nearly 9 billion
people worldwide [5]. Therefore, increasing wheat yield remains an important goal for
global wheat breeders. However, the narrow genetic base, severe homogenization, extreme
weather, cultivation techniques, and other factors aggravate the instability of wheat pro-
duction systems and consequently hinder improvements in wheat yield. The frequent
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occurrence of extreme weather caused by global climate change poses a major threat to crop
production [6,7], by severely affecting the growth, development, and yield of major crops
such as wheat, corn, and rice, thus posing major challenges in global agricultural produc-
tion [8]. For wheat with a long growth cycle and demanding growth environment, abiotic
stress alters the water state of the leaves, destroys photosynthetic pigments, decreases
photosynthetic performance, leads to growth retardation and physiological abnormalities,
and ultimately decreases yield [9–11].

China is among the largest wheat producers worldwide. To breed breakthrough wheat
varieties, more germplasm resources must be created and used to increase wheat yield.
Photosynthesis runs through the whole life activity and is the basis of material formation
and accumulation [12,13]. In variety replacement, improvement in wheat photosynthetic
capacity is closely associated with improvement in wheat traits and increased yield; con-
sequently, enhancing the photosynthesis of C3 crops has been identified as an important
method to increase crop yield [14]. Photosynthesis duration and ability within a day have
become key factors in increasing grain yield during wheat’s limited lifespan [15]. Because
the harvest index of wheat varieties is currently close to the limit, improving the ability of
plants to absorb and use light energy will be important to achieving future breakthroughs
in the yield potential of wheat. However, the problems of limiting light energy utilization,
such as excessive light intensity and insufficient light caused by rainy, cloudy, or hazy
weather, have become the main ecological factors affecting the post-flowering production of
winter wheat in the Huanghuai wheat growing region in China [16–18]. Many studies have
shown that excessive light exposure increases the accumulation of ROS and oxidative dam-
age in plant chloroplasts [19,20] and photo inhibition decreases photosynthetic efficiency
by approximately 10% in the absence of other stresses [21]. The weak light environment
has multiple effects on the chlorophyll content of plant leaves [22], by directly affecting
the photosynthetic characteristics of leaves [23], thus, decreasing the leaf photosynthetic
rate and increasing photochemical efficiency [24], and further affecting the grouting rate
and dry matter accumulation and distribution, decreasing the plant biomass and relative
growth rate, and ultimately affecting grain yield [25–27]. Even slow adjustment of wheat
leaves in terms of shading and continuous conversion of sunlight has the potential to
lead to an assimilation loss of 21% [28]. Therefore, investigating how to cope with envi-
ronmental fluctuations and improve the photosynthetic capacity of wheat has become a
research hotspot. However, most research by breeders and geneticists aiming to increase
wheat yield has focused on molecular biology and genetic diversity [29–31], whereas lim-
ited research has been aimed at improving the physiological traits of wheat to increase
individual plant yield. Studies have shown that the thicker the rice leaves are, the more
favorable it is for the upright leaf, and the higher the number of grains per spike and grain
weight per spike [32]. Based on the study of barley leaf morphology, it was concluded that
there was a significant positive correlation between flag leaf thickness and grain size [33].
The Amaranthus tricolor genotype has excellent color properties, and the color properties
obtained in the study are helpful for pharmacologists [34]. Rich in anthocyanins and food
pigments, purple leaf mustard provides an ideal material for studying the gene regulatory
network and molecular mechanism of anthocyanin biosynthesis [35]. The ability to enhance
photosynthesis by exploring resources, and improving leaf color and leaf thickness traits in
wheat, would provide new ways to increase yield, address stress resistance, and explore
important agronomic traits in a changing climate [36].

Many relevant studies have been performed in artificial facilities under steady state
conditions [28], which cannot fully reflect the response process of leaf photosynthetic
efficiency to changes in sunlight intensity under natural light in the field. This study
investigated the leaf traits of wheat, and the changes in photosynthetic characteristics
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and yield characteristics at various growth stages in the late growth period under field
conditions, to better reflect the changes in leaf color and thickness on light energy absorption
and utilization ability under natural conditions. Thus, this study was aimed at providing
a theoretical basis for the physiological breeding of wheat with high light efficiency, by
addressing the following objectives: (i) to explore the roles of leaf color and thickness in the
ability to absorb and use light energy; (ii) to examine whether these characteristics might
synergistically enhance the photosynthetic capacity of wheat; and (iii) to provide new ideas
for high-efficiency wheat breeding.

2. Materials and Methods
2.1. Experimental Site

This study was conducted at the wheat experimental base of Henan University of
Science and Technology (113.54 N, 35.18 E) in 2022–2023. Located at the center of the
North China Plain, the site has a warm temperate continental climate, flat terrain, sufficient
sunlight, abundant rainfall, good irrigation and drainage conditions, and an average rainfall
in the wheat growing season of 200 mm. The soil in the experimental field was medium soil.
Before wheat sowing, the 0–20 cm soil layer of yellow brown soil had an organic matter
content of 12 g/kg−1, a total nitrogen content of 0.9 g/kg−1, an available phosphorus
content of 9.8 mg/kg−1, and an available potassium content of 100 mg/kg−1. The previous
crop in the experimental field was corn (Zea mays), and the straw was crushed and returned
to the field.

2.2. Experimental Design

This study examined two wheat varieties: BN4199, with deep leaf color and thick
leaves, and AK58, with lighter and thinner leaves, as shown in Figure 1A,B. Both varieties
were from the Wheat Research Center of Henan University of Science and Technology.
A split zone experimental design was used, with a plot area of 24 m2 (3 m × 8 m), row
spacing of 23 cm, and seedling density of 270 plants. Pure nitrogen was applied at a rate
of 180 kg/hm2 throughout the entire growth period, with a ratio of N, P2O5, and K2O of
15:20:15 in Jinzhengda compound fertilizer (Jinan, China). The fertilizer was divided into
two stages: sowing base application and jointing topdressing, with a base topdressing ratio
of 7:3. Topdressing was combined with irrigation during the early jointing stage. During
the entire growth period, watering was performed four times, as wintering water, jointing
water, flowering water, and grouting water. Other field management measures followed
local cultivation techniques for high winter wheat yield. The experiment was conducted
annually during the flowering stage, 7 days after flowering, 15 days after flowering, and
20 days after flowering of wheat. A digital illuminance meter (VICTOR 1010D, Shenzhen
Yisheng Shengli Technology Co., Ltd., Shenzhen, China) was used to measure the light
intensity at 8:00, 10:00, 12:00, 14:00, 16:00, and 18:00 in fine weather conditions, and the
average was determined. The specific light intensity by time is shown in Table 1.

Table 1. Treatment table for testing different light conditions.

Light Intensity (µmol m−2 s−1)

8:00 10:00 12:00 14:00 16:00 18:00

flowering stage 600 900 1200 1000 750 400
10 days after flowering 700 950 1300 1100 800 450
15 days after flowering 700 900 1300 1200 800 500
20 days after flowering 800 1000 1400 1200 1000 600
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2.3. Measurement Index and Method
2.3.1. Leaf Thickness Measurement

Paraffin section method: Live sampling of wheat was carried out in the field en-
vironment, and the samples were put into the FAA fixed liquid prepared in advance.
The material was vacuumed during fixation, and the vacuuming time was about 15 min.
After vacuuming, the fixed liquid was changed, and then stored in 70% ethanol (4 ◦C).
Finally, sectioning, wax dissolution, embedding, staining, and microscopic observation
were performed.

2.3.2. Net Photosynthetic Rate Determination

The Li-6400 XT portable photosynthetic measurement system was used (LI-COR, Inc.,
Lincoln, NE, USA). Three plants were randomly selected from each treatment group. The
net photosynthetic rate (Pn) of flag leaves was measured at 08:00, 10:00, 12:00, 14:00, 16:00,
and 18:00 on sunny days at the flowering stage, 7 d after flowering, 15 d after flowering,
and 20 d after flowering. The CO2 concentration in the leaf chamber was measured as
350 ± 10 µL·L−1, and the illumination intensity of the built-in red and blue light source
was set to 1000 ± 50 µmol m−2 s−1.

2.3.3. Measurement of Light Saturation Point and Light Compensation Point

We set 12 photosynthetically active radiation intensity gradients: 1800, 1500, 1200, 1000,
800, 600, 400, 200, 150, 100, 50, and 0 µmol m−2 s−1. The photosynthetic response curve
was measured with a programmable open gas exchange portable system (LI-6400, LI-COR,
Inc., Beijing, China). The light response curve was fitted at a CO2 concentration of 400 µmol
mol−1 with light curve 2 in the photosynthetic workbench program. With a previously
described method [37], the light response curve model of wheat leaves was fitted.

A digital illuminance meter (VICTOR 1010D, Shenzhen Yisheng Shengli Technology
Co., Ltd., Shenzhen, China) was used to measure the light intensity at 8:00, 10:00, 12:00,
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14:00, 16:00, and 18:00 in fine weather conditions, and the average was determined. The
specific light intensity by time is shown in Table 1.

2.3.4. Measurement of Light Reflectivity

With a HandHeld 2 portable spectrometer (ASD Inc., Beijing, China), we measured
the light reflectance at 30 cm above the canopy of the population at 12:00 noon on clear and
windless days at the flowering stage, 7 days after flowering, 15 days after flowering, and
20 days after flowering, in three replicates.

2.3.5. Determination of Chlorophyll Content

The photosynthetic pigments of wheat were determined with reference to the
method [22]. A 1:1 mixture of acetone and ethanol was used to extract chlorophyll content,
and 3 plants were randomly selected from each treatment group. A mature, functional
leaf was cut from each seedling. A total of 0.2 g of fresh leaves per sample were weighed
using an analytical balance, cut, and dipped into 25.0 mL of 95% ethanol plastic tubing.
Determination and calculation were performed by ultraviolet spectrophotometer (UV-2600,
Shimadzu, Japan). “The following formulas are used to calculate Chl a, Chl B, Chl a + b”.

Chla = (12.7D663 nm − 2.69D645 nm) × V/(1000 × m) Chlb = (22.9D645 nm −
4.68D663 nm) × V/(1000 × m) Chl(a + b) = (20.21D645 nm + 8.02D663

nm)V/(1000 × m)

In the formula, D663 nm and D665 nm are the absorbance values at 663 and 665 nm,
respectively, where V is the volume of liquid to be measured (mL) and m is the fresh mass
of the leaves.

2.3.6. Chlorophyll Fluorescence Parameters

The photochemical efficiency (Fv/Fm) and other chlorophyll fluorescence parameters
of PSII were determined by PAM-2500 (Walz Ger, Effeltrich, Germany) portable fluorescence
meter produced. Flag leaves and ear were clamped and bagged for 20 min to avoid light
leakage. Three samples of each variety were determined. The results were expressed as
mean ± standard error.

2.3.7. Material Accumulation

Wheat plants with consistent growth and anthesis on the same day were selected
and tagged in each plot. At flowering stage and maturity stage, a representative sample
of 3 × 30 cm was taken from the experimental plot and brought back to the laboratory.
The samples were degreened for 15 min at 105 ◦C, dried to constant weight at 80 ◦C, and
weighed. The calculations were based on the following equations:

Pre-anthesis translocation amount (kg/hm2) = dry weight of vegetative
organs at anthesis − dry weight of vegetative organs at maturity.

Pre-flowering storage transport rate (kg/hm2) = dry weight at flowering
stage − dry weight at maturity stage/dry weight at flowering stage × 100.

Contribution of pre-anthesis translocation to grains (%) = translocation of
dry matter in pre-anthesis vegetative organs/dry weight of grains at

maturity × 100.
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2.3.8. Production Testing and Seed Testing

After wheat ripening, 1.5 m2 sample points were selected from each plot, and the
wheat was manually harvested and threshed, air-dried, and weighed, and the yield was
measured. The experiments were repeated three times. Simultaneously, 1 m double-row
samples were selected in each cell with uniform growth to investigate the number of spikes,
panicle number, kernel number per spike, and mass of thousand grains.

2.4. Data Analysis

Microsoft Excel 2007 (Microsoft Corporation, Microsoft Way, Redmond, WA, USA)
and Origin 2021 (Northampton, MA, USA) were used to process and analyze tabular
data and generate charts. The least significant difference method was used for multiple
comparisons to determine statistical significance (p < 0.05). The statistical analysis software
SPSS (version 13.0, SPSS Inc., Chicago, IL, USA) was used to conduct analysis of variance
and comprehensive data analyses.

3. Results
3.1. Daily Variations in Photosynthetic Rate

During the four growth periods, the diurnal variation in photosynthetic rate in flag
leaves of wheat generally first increased and then decreased, as seen in Figure 2. The
photosynthetic rate of flag leaves of wheat was highest at 12:00. On the basis of data in
Table 1, the daily variation in photosynthetic rate was found to be directly proportional to
light intensity radiation within a day, showing a trend of first increasing, peaking at 12:00,
and then decreasing. Comparison of varieties under weak light radiation in the morning
and evening, or strong light radiation at noon, indicated that the photosynthetic rate of
BN4199 was significantly higher than that of AK58 at all growth stages. At 8:00, 12:00,
and 16:00 during the flowering period, 7 days after flowering, 15 days after flowering, and
20 days after flowering, BN4199 was 31.56%, 6.28%, and 13.84% higher than AK58, and
18.46%, 3.82%, and 11.96%, 7.23%, 10.41%, and 5.33%, and 18.75%, 21.21%, and 25.66%
higher, respectively. From the comparison of photosynthetic rate changes in various growth
stages, the photosynthetic rate was the highest 7 days after anthesis.
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3.2. Light Saturation Point and Light Compensation Point

The light saturation point, light compensation point, dark respiration rate (Rd), and
determination coefficient (R2) of the wheat varieties were studied at the flowering stage to
quantitatively and accurately analyze the response of wheat photosynthesis to various light
intensities. As shown in Figure 3, after the light intensity exceeded the light compensation
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point, within a certain range of light intensity, the photosynthetic rates of BN4199 and AK58
both increased with increasing light intensity. However, the photosynthetic rate of BN4199
was greater than that of AK58 under the different light conditions. When the light intensity
increased to 1800 µmol m−2 s−1, the photosynthetic rate of AK58 stopped increasing and
reached saturation; when the light intensity increased to 2000 µmol m−2 s−1, the photosyn-
thetic rate of BN4199 gradually stabilized and reached saturation. The light saturation point
of BN4199 was 1.0% higher than that of AK58. When the light intensity is 0, plants generally
begin to consume the oxygen and organic matter generated by photosynthesis and enter
respiratory mode. As indicated in the figure, the light compensation point of BN4199 was
60.19 µmol m−2 s−1, and that of AK58 was 71 µmol m−2 s−1. The light compensation point
of BN4199 was 15.23% lower than that of AK58, and its respiratory rate was significantly
lower than that of AK58. As indicated in Figure 3, BN4199 had characteristics of a high
light saturation point and low light compensation point.
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3.3. Chlorophyll Content

The photosynthetic pigment content of wheat also differed with varying light intensity.
As shown in Figure 4, the content of chlorophyll a, chlorophyll b, and chlorophyll (a + b)
in flag leaves at various growth stages increased with increasing light intensity, peaked at
12:00, and then began to decline, thus showing a trend of first rising and then decreasing
throughout the day. The content of Chl a, Chl b, and Chl (a + b) in BN4199 at various
growth stages was higher than that in AK58. At 8:00, 12:00, and 18:00 7 days after flowering,
the content of Chl a, Chl b, and Chl (a + b) in BN4199 was higher than that in AK58 by
2.63%, 9.83%, and 4.48%, 22.54%, 4.02%, and 11.37%, and 8.93%, 8.23%, and 6.41%.
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3.4. Chlorophyll Fluorescence

Chlorophyll fluorescence is an important parameter reflecting the electron transfer
speed in plant photosynthesis. The intensity of light is an important factor affecting
the chlorophyll fluorescence parameters (Fv/Fm) in wheat. As shown in Figure 5, under
various light intensities, significant differences were observed in the Fv/Fm variation trends
in wheat flag leaves at various growth stages. Comparison of growth stages indicated that
the highest Fv/Fm value was observed 7 days after flowering, whereas the lowest Fv/Fm
value was observed 20 days after flowering. Compared with the daily variation in each
growth period, the daily variation trend of Fv/Fm showed a trend of first decreasing and
then increasing with the change in light intensity from strong to weak in a day. The lowest
value was observed at noon, when the light intensity was highest, and the highest value
was observed when the light intensity was lower in the morning and evening. Although
differences in Fv/Fm changes all were observed among various growth stages, BN4199
showed higher Fv/Fm values than AK58 in all four growth stages. At 8:00, 12:00, and 18:00
on the 7th day after flowering, the values for BN4199 were 2.1%, 2.7%, and 4.24% higher,
respectively, than those for AK58.
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3.5. Characteristics of Light Absorption Capacity in Wheat Population

Canopy light reflectance indicates the absorption and utilization of solar energy in
wheat, and is affected by multiple factors. As shown in Figure 6, the optical reflectance
of blue-violet light with a wavelength of 400 nm to 700 nm under visible light varied
greatly from the flowering stage to the 20th day after flowering. The optical reflectance was
relatively low from the 7th to the 15th days after flowering, and relatively high from the
20th day after flowering. The daily variations in different growth stages revealed different
light intensity and light reflectance values. As can be seen from Figure 6, from 8:00 to
18:00 in a day, the light reflectivity changes with the change in light intensity. The stronger
the light intensity is, the lower the light reflectivity is. Among them, the light intensity
is highest at 12:00, and the light reflectivity is lowest at this time. The light intensity is
shown in Table 1. This is closely related to the leaf color and leaf thickness of wheat; the
deeper the leaf color and the thicker the leaf, the stronger the light absorption ability, and
the lower the light emissivity. The different characteristics of varieties included varying
light reflectance. In the wavelength ranges of 400–500 nm blue purple light and 600–700 nm
red light, the reflectance of the BN4199 population was significantly lower than that of the
AK58 population at various growth stages under various light intensities, thus indicating
BN4199’s strong light absorption ability.
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3.6. Dry Matter Accumulation and Yield

As shown in Table 2, we observed significant differences between varieties. BN4199
showed a significantly higher material transshipment volume, transfer efficiency, and
contribution rate than AK58. During 2021–2022, the material transshipment volume,
transfer efficiency, and contribution rate of BN4199 were 30.74%, 16.51%, and 29.27%
higher, respectively, than those of AK58, and these differences were significant. During
2022–2023, the transshipment volume, transfer efficiency, and contribution rate of BN4199
were 18.49%, 10.07%, and 0.13% higher, respectively, than those of AK58, and these differ-
ences were significant.

Table 2. Dry matter redistribution before flowering, and contribution rate of the wheat population to
grain yield in 2 years.

Variety
Dry Matter
Weight at

Flowering Stage

Dry Matter
Weight at
Maturiity

Transshipment
Volume

(kg hm−2)

Transfer
Efficiency (%)

Contribution
Rate (%)

2021–2022
BN4199 11,511.92 a 8890.23 a 2621.69 a 22.71 ab 31.84 a
AK58 9515.09 b 7699.19 ab 1815.90 b 18.96 b 22.52 b

2022–2023
BN4199 10,798.54 ab 8062.35 ab 2736.20 a 25.41 a 31.24 ab
AK58 9778.10 b 7547.80 b 2230.30 ab 22.85 ab 31.20 ab

Different lowercase letters show there were significant differences among different varieties in different years
(p < 0.05).

On the basis of the 2-year yield and three yield change factors (Table 3), the yield per
hectare of BN4199 was 7% higher in the first year, and 6.2% higher in the second year, than
that of AK58, and the differences between years were significant (p < 0.05). This finding was
essentially consistent with the changes in above-ground dry matter accumulation (Table 2).
The results of the three yield factors are shown in Table 3. BN4199 also showed strong
advantages in its significantly higher numbers of spikes, grains per spike, and 1000-grain
weight than those of AK58.
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Table 3. Characteristics of wheat yield and three related factors in 2 years.

Year Variety Spike Numbers
/(104/hm−2)

Grain Number
per Spike

1000-Grain
Weight/g Yield/(kg.hm−2)

2021–2022 BN4199 602.9 47.3 42.7 9284
AK58 628.99 45.2 41.39 8634.5

2022–2023 BN4199 795.76 45.2 42.98 11,200
AK58 710.15 45.8 41.55 10,511

There were significant differences among different varieties in different years (p < 0.05).

4. Discussion
Photosynthesis, the cornerstone of plant development, coordinates the conversion of

light energy into chemical energy, thus providing energy for various life support processes
in plants [38]. Photosynthesis is also a physiological process sensitive to environmental
factors, and light intensity is a major factor affecting photosynthesis. Light intensity either
too high or too low decreases the photosynthetic efficiency and affects normal growth in
plants. However, more than 80% of wheat grain yield is derived from photosynthetic prod-
ucts after flowering [39]. Therefore, studies aimed at improving photosynthetic efficiency
through high-efficiency breeding may aid in increasing wheat yield and quality [40]. Many
methods exist to study high-efficiency wheat breeding by improving photosynthetic effi-
ciency, yet many areas remain to be explored to enhance wheat’s photosynthetic efficiency
by improving its photosynthetic characteristics. Through this study, we found that the
deeper the leaf color and the thicker the leaf, the better the strong light and weak light
resistance; this property is a good regulation of wheat photosynthesis performance, with a
higher substance accumulation. Leaf color and leaf thickness may be one of the important
research directions to improve the photosynthetic efficiency of wheat. In the breeding
process, the advantages of deep leaf color and thick leaves of wheat can be amplified. This
provides a theoretical basis for high light efficiency breeding.

Light is a crucial environmental factor for plant survival and growth [41]. Photo-
synthesis is responsible for more than 90% of crop biomass production, and increasing
photosynthetic efficiency at the leaf level might increase overall crop productivity [42].
According to the study results, BN4199 and AK58 varied by growth period or daily: the
photosynthetic rates of both varieties changed with the intensity of light, thus indicating
mutual positive effects between the photosynthetic rate and light intensity; that is, within
the range of the light saturation point, the photosynthetic rate increased with increasing
light intensity. This finding is essentially consistent with previous research results [22,43].
However, our study indicated that the photosynthetic capacities of BN4199 and AK58
significantly differed. Compared with AK58, BN4199 had a higher photosynthetic rate
under various light intensity environments at various growth stages. Moreover, BN4199
had a higher light saturation point and a lower light compensation point than AK58. These
differences might may be associated with the leaf color and leaf thickness characteristics
of BN4199: deep leaf color and leaf thickness were associated with greater light energy
absorption and photosynthetic rate.

Photosynthesis in plants relies on photosynthetic phosphorylation reactions by pho-
tosynthetic pigments to absorb the energy of sunlight, thereby driving photosynthetic
reactions. Chlorophyll, the most important pigment in photosynthesis, plays important
roles in light energy absorption and transmission [44]. Under exposure to various natural
factors, the chlorophyll content adjusts in a timely manner to adapt to the environment
and enable plants to capture as much light energy as possible. Studies have shown that,
under low light intensity environmental conditions, the chlorophyll content of Angelica
seedlings increases to capture more light energy and improve photosynthetic efficiency [45].
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Bertamini [46] found that the chlorophyll a/b ratio of plants decreases in deep shaded
environments, thereby increasing utilization of blue violet light as an adaptation to shaded
environments. The content of pigment in leaves has been shown to reflect the photosyn-
thetic capacity of plants, and changes in chlorophyll content are an important indicator of
plants’ photosynthetic characteristics [47]. The results of this study demonstrated that, to
adapt to various growth periods and the changes in light intensity from strong to weak in a
day, the chlorophyll content first increased and then decreased to adapt to the influence
of solar radiation intensity. However, different varieties have different characteristics and
marked differences in adaptation. We observed that BN4199, with deep leaf color and
thick leaves, had higher chlorophyll content than AK58 during various growth periods
and diurnal time points; moreover, its adaptability to various light intensities was stronger.
This adaptation process was reflected in the close relationship between chlorophyll content
and leaf color and thickness: the deeper the leaf color and the thicker the leaf, the higher
the chlorophyll content, the greater the photosynthesis, and the better the adaptability to
various light intensities.

The chlorophyll fluorescence parameter (Fv/Fm) is an important index for measuring
the speed of electron transfer in plant photosynthesis. Under normal conditions, the
Fv/Fm of plants is generally 0.75–0.85 [48]. This parameter is positively correlated with
photosynthesis and the chlorophyll content of plants [49]. Our findings indicated that
during the period from flowering to 20 days after flowering, Fv/Fm generally showed an
increasing trend with increasing grouting rate and light intensity, and its change trends
mirrored those of the photosynthetic rate and chlorophyll content, in agreement with results
reported by Lee [49]. Light reflectance is an index indicating the light energy absorption
and utilization capacity of the canopy of a plant population [50]. In general, the stronger
the light intensity, the faster the grouting rate, whereas the lower the light reflectance,
the stronger the light energy absorption and utilization capacity. Therefore, in this study,
the reflectance in each growth stage showed a high-low-high trend with changes in light
intensity. This index is the main measure of the photosynthetic intensity of plants and the
light energy utilization capacity of wheat varieties. The Fv/Fm of BN4199, which has deep
leaf color and thick leaves, was significantly higher than that of AK58 at various growth
stages and under various light intensities; moreover, its population light reflectance was
in the range of 400–500 nm blue light and 600–700 nm red light. BN4199 was significantly
lower than AK58 in various growth stages and under various light conditions. These
results indicated that the photosynthetic electron transport and population light energy
absorption and utilization capacity of BN4199 were significantly higher than those of AK58,
and BN4199 had better photosynthetic characteristics. The importance of leaf color and
thickness in light absorption capacity was again verified by the results of chlorophyll
fluorescence parameters and light reflectance.

Dry matter formation and accumulation is the final result of wheat photosynthesis, and
wheat yield depends primarily on pre-flowering dry matter transport and post-flowering
accumulation of photosynthetic products, among which 60–80% of wheat yield comes from
the accumulation of photosynthetic products in flag leaves after flowering [51,52]. However,
the characteristics of crops differ, including their material transshipment volume, transfer
efficiency, and contribution rate. The photosynthetic productivity of crops and the transport
capacity of photosynthetic compounds to vegetative organs differ [53]. Our 2-year research
experiments indicated that the yield of BN4199 was significantly higher than that of AK58
in both years. This finding might be closely associated with the deeper and thicker leaves
of BN4199, which enhanced its material accumulation, transport, and contribution ability
before and after flowering. Therefore, improving leaf color and leaf thickness characteristics
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was found to synergistically improve the photosynthetic performance and yield potential
of wheat.

5. Conclusions
Photosynthesis is an important basis for material accumulation, and the yield of wheat

is closely associated with its photosynthetic performance. In this study, deep colored,
thicker leaves were associated with higher chlorophyll content, faster photosynthetic
electron transfer, greater photosynthetic capacity, higher material accumulation, and a
significantly enhanced yield advantage, compared to wheat with lighter colored, thinner
leaves. These results indicated that the deepening of wheat leaf color and thickening of
wheat leaves effectively improved the ability to tolerate and adapt to strong light, and to
use weak light, thus jointly improving wheat photosynthetic performance and promoting
increasing biomass. Therefore, improving the leaf color and leaf thickness characteristics of
wheat is conducive to improving photosynthetic performance, thus providing a theoretical
basis for high light efficiency wheat breeding in the future. If the characteristics of dark
wheat leaf color, low light compensation point, low light resistance, thick wheat leaves,
high photosynthetic saturation point, and strong light resistance are combined in the
breeding process, wheat varieties that can make full use of various light conditions and
adapt to different environments might be cultivated, thereby increasing grain yield. In this
study, only the physiological characteristics were studied; therefore, the related molecular
mechanisms remain to be further explored.

Author Contributions: Conceptualization, S.F.; methodology, W.D., S.C. and Z.R.; software, S.F. and
J.Y.; validation, W.D. and J.Q.; formal analysis, H.S., J.Y. and W.Z.; investigation, S.C., H.S. and W.Z.;
resources, H.S. and Z.R.; data curation, S.C., J.Q. and W.Z.; writing—original draft preparation, S.C.;
writing—review and editing, W.D.; visualization, J.Y.; supervision, S.F. and J.Q.; project administra-
tion, Z.R.; funding acquisition, W.D. and Z.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This project is supported by Henan Agricultural Science and Technology Research Project
(242102110253; 242102111156) and Henan Top Talent Training Program (244500510018).

Data Availability Statement: The raw data included in the study will be available on request, and
further inquiries can be directed to the corresponding author.

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

References
1. Li, M.; Tang, Y.; Li, C.S.; Wu, X.; Tao, X.; Liu, M. Climate warming causes changes in wheat phenological development that benefit

yield in the Sichuan Basin of China. Eur. J. Agron. 2022, 139, 126574. [CrossRef]
2. Zhang, Q.Q.; Men, X.Y.; Hui, C.; Ge, F.; Fang, O.Y. Wheat yield losses from pests and pathogens in China. Agric. Ecosyst. Environ.

2022, 326, 107821. [CrossRef]
3. Bhandari, R.; Samir, G.; Shivalal, N.; Shiva, K.; Muktiram, P.; Prabin, P. Effect of drought & irrigated environmental condition on

yield & yield attributing characteristic of bread wheat—A review. Rev. Food Agric. 2021, 2, 59–62.
4. Shewry, P.R.; Hey, S.J. The contribution of wheat to human diet and health. Food Energy Secur. 2015, 4, 178–202. [CrossRef]
5. Daryanto, S.; Wang, L.; Jacinthe, P.A. Global synthesis of drought effects on maize and wheat production. PLoS ONE 2016,

11, e0156362. [CrossRef]
6. Iqbal, N.; Sehar, Z.; Fatma, M.; Khan, S.; Alvi, A.F.; Iqbal, R.M.; Masood, A.; Khan, N.A. Melatonin reverses high-temperature-

stress-inhibited photosynthesis in the presence of excess sulfur by modulating ethylene sensitivity in mustard. Plants 2023,
12, 3160. [CrossRef]

7. Niu, Y.F.; Li, J.Y.; Sun, F.T.; Song, T.Y.; Han, B.J.; Liu, Z.J.; Su, P.S. Comparative transcriptome analysis reveals the key genes and
pathways involved in drought stress response of two wheat (Triticum aestivum L.) varieties. Genomics 2023, 115, 110688. [CrossRef]

https://doi.org/10.1016/j.eja.2022.126574
https://doi.org/10.1016/j.agee.2021.107821
https://doi.org/10.1002/fes3.64
https://doi.org/10.1371/journal.pone.0156362
https://doi.org/10.3390/plants12173160
https://doi.org/10.1016/j.ygeno.2023.110688


Agronomy 2025, 15, 325 13 of 14

8. Dradrach, A.; Iqbal, M.; Lewinska, K.; Jedroszka, N.; Gull-e-Faran; Rana, M.A.K.; Tanzeem-ul-Haq, H.S. Effects of soil application
of chitosan and foliar melatonin on growth, photosynthesis, and heavy metals accumulation in wheat growing on wastewater
polluted soil. Sustainability 2022, 14, 8293. [CrossRef]

9. Kumar, R.; Singh, V.; Kumari, P.S.; Kumar, S.P.; Kaur, A.; Sharma, D. Abiotic Stress and Wheat Grain Quality: A Comprehensive
Review. In Wheat Production in Changing Environments; Springer: Singapore, 2019; pp. 63–87.

10. Seleiman, M.F.; Al-Suhaibani, N.; Ali, N.; Akmal, M.; Alotaibi, M.; Refay, Y.; Dindaroglu, T.; Abdul-Wajid, H.H.; Battaglia, M.L.
Drought stress impacts on plants and different approaches to alleviate its adverse effects. Plants 2021, 10, 259. [CrossRef]

11. Abdul, S.; Ahmad, S.; Muhammad, I.; Sami, U.; Sajjad, H.; Umair, R.; Jamshad, H.; Salem, M.A.; Nadi, A.A.; Samy, F.M.; et al.
Modulation of antioxidant defense mechanisms and Morpho-physiological attributes of wheat through exogenous application of
silicon and melatonin under water deficit conditions. Sustainability 2023, 15, 7426. [CrossRef]

12. Smith, E.N.; van Aalst, M.; Tosens, T.; Niinemets, U.; Stich, B.; Morosinotto, T.; Alboresi, A.; Erb, T.J.; Gomez-Coronado, P.A.;
Tolleter, D.; et al. Improving photosynthetic efficiency toward food security: Strategies, advances, and perspectives. Mol. Plant
2023, 16, 1674–2052. [CrossRef]

13. Song, Q.; Su, R.; Chai, Y.; Goudia, B.D.; Chen, L.; Hu, Y.G. High photosynthetic capability observed in the wheat germplasm with
rye chromosomes. J. Plant Physiol. 2017, 216, 202–211. [CrossRef] [PubMed]

14. Lawson, T.; Kramer, D.M.; Raines, C.A. Improving yield by exploiting mechanisms underlying natural variation of photosynthesis.
Curr. Opin. Biotechnol. 2012, 23, 215–220. [CrossRef]

15. Ma, Z.T.; Zhang, Z.; Wang, X.Z.; Yu, Z.W.; Shi, Y. Effect of Nitrogen Management Practices on Photosynthetic Characteristics and
Grain Yield of Wheat in High-Fertility Soil. Agronomy 2024, 14, 2197. [CrossRef]

16. Xu, C.L.; Yin, Y.P.; Cai, R.G.; Wang, Z.L. Photosynthetic characteristics and antioxidative metabolism of flag leaves in responses to
shading during grain filling in winter wheat cultivars with different spike types. Acta Agron. Sin. 2012, 38, 1296. [CrossRef]

17. Zhang, Q.; Zhang, W.; Li, T.T.; Sun, W.J.; Yu, Y.Q.; Wang, G.C. Projective Analysis of Staple Food Crop Productivity in Adaptation
to Future Climate Change in China. Int. J. Biometeorol. 2017, 61, 1445–1460. [CrossRef]

18. Meenakshi, T.; Rakesh, K. Microclimatic buffering on medicinal and aromatic plants: A Review. Ind. Crops Prod. 2021, 160, 113144.
19. Li, Y.T.; Yang, C.; Zhang, Z.S.; Zhao, S.J.; Gao, H.Y. Photosynthetic acclimation strategies in response to intermittent exposure to

high light intensity in wheat (Triticum aestivum L.). Environ. Exp. Bot. 2021, 181, 104275. [CrossRef]
20. Daisuke, T.; Hiroaki, I.; Shigeo, T.; Chikahiro, M. Growth light environment changes the sensitivity of photosystem I photoinhibi-

tion depending on common wheat cultivars. Front. Plant Sci. 2019, 10, 686.
21. Ogren, E.M. Estimation of the effect of photoinhibition on the carbon gain in leaves of awillow canopy. Planta 1990, 181, 560–567.

[CrossRef]
22. Wang, X.; Chen, G.D.; Du, S.J.; Wu, H.X.; Fu, R.; Yu, X.B. Light intensity influence on growth and photosynthetic characteristics of

Horsfieldia hainanensis. Front. Ecol. Evol. 2021, 9, 636804. [CrossRef]
23. Zhang, H.Z.; Zhao, Q.; Wang, Z.; Wang, L.H.; Li, X.R.; Fan, Z.R.; Zhang, Y.Q.; Li, J.F.; Gao, X.; Shi, J.; et al. Effects of nitrogen

fertilizer on photosynthetic characteristics, biomass, and yield of wheat under different shading conditions. Agronomy 2021,
11, 1989. [CrossRef]

24. Li, W.Y.; Sun, M.X.; Zeng, F.L.; Wang, F.W. Hyperspectral estimation chlorophyll content in winter wheat leaves under low
temperature stress. Chin. J. Agrometeorol. 2022, 43, 137–147, (In Chinese with an English abstract).

25. Li, H.W.; Jiang, D.; Wollenweber, B.; Dai, T.B.; Cao, W.X. Effiects of shading on morphology, physiology and grain yield of winter
wheat. Eur. J. Agron. 2010, 33, 267–275. [CrossRef]

26. Mu, H.R.; Jiang, D.; Wollenweber, B.; Dai, T.B.; Jing, Q.; Cao, W.X. Long-term low radiation decreases leaf photosynthesis,
photochemical efficiency and grain yield in winter wheat. J. Agron. Crop Sci. 2010, 196, 38–47. [CrossRef]

27. Pik, D.; Lucero, J.E.; Lortie, C.J.; Braun, J. Light intensity and seed density differentially affect the establishment, survival, and
biomass of an exotic invader and three species of native competitors. Community Ecol. 2020, 21, 259–272. [CrossRef]

28. Samuel, H.T.; Stephen, P.L. Slow Induction of Photosynthesis on Shade to Sun Transitions in Wheat May Cost at Least 21% of
Productivity. Biol. Sci. 2017, 372, 20160543.

29. Li, G.W.; Ren, Y.; Yang, Y.X.; Chen, S.L.; Zheng, J.Z.; Zhang, X.Q.; Li, J.L.; Chen, M.G.; Sun, X.N.; Lv, C.L.; et al. Genomic analysis
of Zhou8425B, a key founder parent, reveals its genetic contributions to elite agronomic traits in wheat breeding. Plant Commun.
2024, 101222. [CrossRef]

30. Pritchard, J.K.; Stephens, M.; Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 2000,
155, 945–959. [CrossRef]

31. Hao, C.Y.; Jiao, C.Z.; Hou, J.; Li, T.; Liu, H.X.; Wang, Y.Q.; Zheng, J.; Liu, H.; Bi, Z.H.; Xu, F.F.; et al. Resequencing of 145 landmark
cultivars reveals asymmetric sub-genome selection and strong founder genotype effects on wheat breeding in China. Mol. Plant
2020, 13, 1733–1751. [CrossRef]

32. Liu, C.G.; Zhou, X.Q.; Chen, D.G.; Li, L.J.; Li, J.C.; Chen, Y.D. Natural variation of leaf thickness and its association to yield traits
in indica rice. J. Integr. Agric. 2014, 13, 316–325. [CrossRef]

https://doi.org/10.3390/su14148293
https://doi.org/10.3390/plants10020259
https://doi.org/10.3390/su15097426
https://doi.org/10.1016/j.molp.2023.08.017
https://doi.org/10.1016/j.jplph.2017.06.012
https://www.ncbi.nlm.nih.gov/pubmed/28710914
https://doi.org/10.1016/j.copbio.2011.12.012
https://doi.org/10.3390/agronomy14102197
https://doi.org/10.3724/SP.J.1006.2012.01295
https://doi.org/10.1007/s00484-017-1322-4
https://doi.org/10.1016/j.envexpbot.2020.104275
https://doi.org/10.1007/BF00193011
https://doi.org/10.3389/fevo.2021.636804
https://doi.org/10.3390/agronomy11101989
https://doi.org/10.1016/j.eja.2010.07.002
https://doi.org/10.1111/j.1439-037X.2009.00394.x
https://doi.org/10.1007/s42974-020-00027-2
https://doi.org/10.1016/j.xplc.2024.101222
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1016/j.molp.2020.09.001
https://doi.org/10.1016/S2095-3119(13)60498-0


Agronomy 2025, 15, 325 14 of 14

33. Niu, Y.Y.; Chen, T.X.; Zheng, Z.; Zhao, C.C.; Liu, C.J.; Jia, J.Z.; Zhou, M.X. A New Major QTL for Flag Leaf Thickness in Barley
(Hordeum vulgare L.). BMC Plant Biol. 2022, 22, 305. [CrossRef] [PubMed]

34. Umakanta, S.; Shinya, O. Leaf pigmentation, its profiles and radical scavenging activity in selected amaranthus tricolor leafy
vegetables. Sci. Rep. 2020, 10, 18617.

35. Xin, Y.N.U.; Cheng, Q.Q.; Zhang, T.; Liu, X.J.; Huang, H.; Yao, P.J.; Liu, Z.X.; Wan, Z.J.; Fu, T.D. Fine-mapping of the BjPur Gene
for Purple Leaf Color in Brassica juncea. Theor. Appl. Genet. 2020, 133, 2989–3000.

36. Michele, G.; Valentin, R.; Georgi, D.; Sanna, R.; Arpit, J.; Manuela, L.; Kerstin, N.; Vitus, B.; Doris, E.; Gert, B.; et al. Adjustment of
photosynthetic activity to drought and fluctuating l Light in wheat. Plant Cell Environ. 2020, 43, 1484–1500.

37. Zhang, F.; Jiang, N.; Zhang, H.; Huo, Z.; Yang, Z. Effect of Low Temperature on Photosynthetic Characteristics, Senescence
Characteristics, and Endogenous Hormones of Winter Wheat “Ji Mai 22” during the Jointing Stage. Agronomy 2023, 13, 2650.
[CrossRef]

38. Wang, Z.X.; Xu, H.Y.; Wang, F.X.; Sun, L.L.; Meng, X.R.; Li, Z.C.; Xie, C.; Jiang, H.J.; Ding, G.S.; Hu, X.R.; et al. EMS-induced
missense mutation in TaCHLI-7D affects leaf color and yield-related traits in wheat. Theor. Appl. Genet. 2024, 137, 223. [CrossRef]

39. Yang, M.; Li, W.B.; Shi, Y. Effects of synergistic phosphate fertilizer on photosynthetic characteristics and senescence of wheat flag
leaf in saline-alkali soil. Acta Physiol. Plant. 2024, 46, 56. [CrossRef]

40. Wang, Z.W.; Qiao, X.M.; Cheng, J.S.; Zong, X.M.; Ding, L.Y.; He, L.X.; Yang, J.H.; Hu, Y.X.; Cheng, G.; Huang, J.; et al. Study on
leaf area, relative chlorophyll contents, root traits and yields among the different types of wheat cultivars. J. Southwest Univ. Nat.
Sci. Ed. 2016, 38, 10–15.

41. Nawaz, R.; Nadeem, A.A.; Ishfaq, A.H.; Azeem, K. Impact of climate variables on growth and development of Kinnow fruit
(Citrus nobilis Lour x Citrus deliciosa Tenora) grown at different ecological zones under climate change scenario. Sci. Hortic. 2019,
260, 108868. [CrossRef]

42. Colpo, A.; Demaria, S.; Baldisserotto, C.; Pancaldi, S.; Brestič, M.; Živčak, M.F.L. Long-Term Alleviation of the Functional
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