agronomy

Article

Spatiotemporal Heterogeneity of Chlorophyll Content and
Fluorescence Response within Rice (Oryza sativa L.) Canopies
under Different Cadmium Stress

Xiaoyun Huang 207, Hongxing Chen 12, Hui Chen 12, Chengwu Fan 3, Yueying Tai 1'2, Xiaoran Chen %4,

Wang Zhang 2, Tengbing He 12 and Zhenran Gao

check for
updates

Citation: Huang, X.; Chen, H.; Chen,
H.; Fan, C.; Tai, Y.; Chen, X.; Zhang,
W.; He, T.; Gao, Z. Spatiotemporal
Heterogeneity of Chlorophyll
Content and Fluorescence Response
within Rice (Oryza sativa L.) Canopies
under Different Cadmium Stress.
Agronomy 2023, 13, 121.
https://doi.org/10.3390/
agronomy13010121

Academic Editors: Luigi Sanita’ di
Toppi, Ewa Joanna Hanus-Fajerska

and Martin Backor

Received: 29 November 2022
Revised: 24 December 2022

Accepted: 27 December 2022
Published: 30 December 2022

Copyright: © 2022 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/).

1,2,%

College of Agriculture, Guizhou University, Guiyang 550025, China

New Rural Development Research Institute, Guizhou University, Guiyang 550025, China
Institute of Soil and Fertilizer, Guizhou Academy of Agricutural Science, Guiyang 550025, China
College of Resources and Environment Engineering, Guizhou University, Guiyang 550025, China

W N e

Correspondence: zrgao@gzu.edu.cn

Abstract: The spatiotemporal heterogeneity of rice canopy leaves at different leaf positions is very
important for non-destructive monitoring under Cadmium (Cd) stress, and is one of the key problems
that need to be solved urgently in modern agriculture. This study aims to explore the temporal and
spatial heterogeneity of chlorophyll content and fluorescence in rice canopy leaves under different
Cd stress concentrations. The responses of the relative chlorophyll content (SPAD) and Chlorophyll
fluorescence (ChlF) parameters to Cd stress in the tillering, heading, and filling stages were analyzed
through pot experiments with three Cd concentrations: 0.20 mg-kg~! (CK), 0.60 mg-kg~! (Cd1), and
1.60 mg-kg~! (Cd2). Results showed that the canopy leaf SPAD value increased with increasing
Cd concentration. Compared with CK, the leaf SPAD value in the Cd1 and Cd2 treatments were
1.91-3.45% and 5.52-12.01% lower, respectively. The SPAD value of the lower leaves was higher
in the tillering stage, while the SPAD value of the upper leaves was higher in the heading and
filling stages. The non-photochemical quenching coefficient (NPQ) of the third leaf (D3), the initial
fluorescence yield (Fo) of the second leaf (D2), and the maximum photochemical efficiency (Fv/Fm)
of photosystem II (PSII) in the tillering stage; the NPQ, Fo, and Fv/Fm of the D3 in the heading stage;
and the NPQ, Fo, Fv/Fm, and Fv/Fm of the D2 in the filling stage were more sensitive to Cd stress
than the other leaves and ChlF parameters.
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1. Introduction

Cadmium (Cd) is a heavy metal with strong biological mobility that is not necessary for
crop growth. Its biological toxicity is significant [1]. Rice (Oryza sativa L.) is a Cd-sensitive
crop that easily absorbs Cd from the soil environment and accumulates in the plant leaves
and other organs, seriously affecting the growth and development, and safety quality
of the rice [2]. More than one-fifth of arable land in China is polluted by metals [3] and
approximately 2.8 x 103 km? of agricultural soils are contaminated with Cd [4]. Especially
in Guizhou, the center of karst, the background value of soil cadmium in cultivated land
is 0.659 mg-kg~!, which is about 6.7 times the background value in China [5]. Although
traditional chemical detection methods can accurately detect the contents of heavy metals
in rice, the operation is complex, time-consuming, and destroys the plants [6]. Timely,
rapid, and non-destructive monitoring of Cd pollution stress in rice is crucial for future
large-scale non-destructive monitoring of Cd pollution in rice and is also one of the key
issues to be solved in smart agriculture.

Cd accumulation inhibits the metabolic process of rice, leading to a significant decline
in the chlorophyll content of the plant leaves [7], and there are differences in the changes in
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the different growth stages and under different stress levels. One study found that under Cd
stress, the chlorophyll content of rice leaves decreased significantly [8], but the chlorophyll
content of the rice canopy leaves at different leaf positions had their own vertical distri-
bution differences. The chlorophyll content of the lower leaves was the highest before the
heading stage; while from the beginning of the heading stage, the chlorophyll content of the
upper leaves was the highest [9]. Therefore, the effect of Cd in the different growth stages
on the chlorophyll content of rice leaves at different canopy positions requires further study.
Photosynthesis is the mechanism by which crops obtain material and energy, and it is very
sensitive to Cd stress [10,11]. Cd stress has a negative impact on crop photosynthesis [12,13].
Monitoring the response of the photosynthesis of the canopy leaves of rice plants under Cd
stress is crucial to achieving non-destructive monitoring of Cd pollution in rice. However,
traditional methods for measuring gas exchange are time-consuming and laborious, and
they can only measure part of the photosynthetic information [14]. In contrast, the Chloro-
phyll fluorescence (ChlF) technique has the advantages of a high efficiency, non-destructive
analysis, and high-throughput. It can measure the information about the light energy
absorption, transmission, and dissipation of the leaves [15,16] and can quantify the degree
of damage to the crop leaves under Cd stress [17]. It has become one of the important
technical means of detecting the physiological conditions of crops under heavy metal stress.
Monitoring the changes in the ChlF parameters of Chinese cabbage leaves under lead (Pb)
stress using the ChlF technique revealed that Pb stress significantly increased the initial
fluorescence yield (Fo) and maximum fluorescence yield (Fm) of the Chinese cabbage
leaves, and it significantly reduced the maximum photochemical efficiency (Fv/Fm) of
the photosystem II (PSII) [18]. A growth test of Chinese cabbage under different zinc (Zn)
stress concentrations revealed that the Fv/Fm decreased with increasing Zn concentration
and gradually increased with decreasing Zn concentration, finally attaining a value close
to the control [19]. It was also found that under chromium (Cr) stress, the Fv/Fm and the
photochemical quenching coefficient (qP) of tomato leaves decreased significantly, while
the non-photochemical quenching coefficient (NPQ) increased significantly [20]. There are
significant spatial differences in the activity and energy use efficiency of PSII centers of
crop canopy leaves in different leaf positions [21-23]. Therefore, it is particularly necessary
to study the temporal and spatial heterogeneity of the ChlF parameters in different leaf
positions in the rice plant canopy under Cd stress in the different growth stages.

In summary, the purpose of this study was to explore the temporal and spatial het-
erogeneity of the chlorophyll content and the fluorescence response of rice canopy leaves
at different leaf positions under Cd stress in the different growth stages. The goals were
to clarify the photosynthetic characteristics of the leaves under different Cd stress con-
centrations and to explore the dynamic vertical distribution characteristics of the relative
chlorophyll content and ChlIF parameters of the leaves at different leaf positions.

2. Materials and Methods
2.1. Experimental Design

A rice pot experiment (Figure 1) was conducted in the Guiyang Comprehensive
Test Station of the Guizhou Academy of Agricultural Sciences in March—October 2021
(106°39'20" E, 26°29'59” N). The rice variety was Jingliangyou 534, the pot planting soil
was yellow, the pH was 6.58, the organic matter content was 115.01 g-kg~!, the alkali
hydrolyzed nitrogen content was 49.25 mg-kg !, the available phosphorus content was
5.96 mg-kg !, and the available potassium content was 153.90 mg-kg~!. The background
value of soil Cd was 0.20 mg-kg !, and 0.20 mg-kg ! was the risk screening value for Cd in
the rice fields. The experiment was conducted by setting three exogenous Cd concentration
addition treatments, CK (0), Cd1 (0.20 mg-kg’l), Cd2 (0.40 mg-kg’l), and the added Cd
was CdCl, (Shanghai Aladdin biochemical technology Co., Ltd., Shanghai, China), and
the actual values after addition were CK (0.20 mg-kg 1), Cd1 (0.60 mg-kg~!), and Cd2
(1.60 mg-kg~1). In the tillering stage, heading stage, and filling stage of the rice growth, the
relative chlorophyll content, Cd content, ChlF parameters, and photosynthetic parameters
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of the rice canopy leaves at different leaf positions under different Cd concentrations
were measured.

Figure 1. Aerial photo of rice potting experiment.

2.2. Determination of Relative Chlorophyll Content

A portable chlorophyll meter (SPAD-502 Plus, Konica Minolta, Tokyo, Japan) was
used to measure the relative chlorophyll content of the leaves in situ (Figure 2). During the
measurement, three rice plants with uniform growth were selected and labeled. The top,
central, and basal positions of the first leaf (D1), second leaf (D2), third leaf (D3), and fourth
leaf (D4) were measured. Each position was measured six times, and the average value
was taken as the relative chlorophyll content (SPAD) value for the position. During the
measurement, positions where the leaf veins were concentrated were avoided and direct
sunlight was properly blocked to ensure the accuracy of the measurement [24].

Figure 2. Schematic diagram of the determination of the relative chlorophyll content. The red dots
represent the actual measuring points, namely the top, central and basal.

2.3. Determination of Chlorophyll Fluorescence Parameters

A portable fluorescence meter (Junior PAM, Heinz Walz GmbH, Bavaria, Germany)
was used to measure the ChlF parameters. The middle position of the marked leaf was
selected as the measuring point, and the leaf was fully dark adapted for 30 min. The real-
time fluorescence yield (F) of the leaf, the maximum fluorescence yield when the action light
was turned on (Fm’), the actual photosynthetic efficiency (Y (II)) of PSII, the relative electron
transfer rate (ETR) of PSII, the initial fluorescence yield when the action light was turned on
(Fo"), the photochemical quenching coefficient (qP, qL), the non-photochemical quenching
coefficient (NPQ, gN), the quantum yield of the PSII non-regulatory energy dissipation (Y
(NO)), the quantum yield of the PSII regulatory energy dissipation (Y (NPQ)), the initial
fluorescence yield when the action light was turned off (Fo), the maximum fluorescence
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yield when the action light was turned off (Fm), and the maximum photochemical quantum
yield (Fv/Fm) of the PSII were measured [25].

2.4. Determination of Photosynthetic Parameters

The photosynthetic parameters of the rice in the heading stage were measured using
a portable photosynthetic apparatus (GFS-3000, Heinz Walz GmbH, Bavaria, Germany).
At 10:00-11:00 a.m. on a sunny day, the CO, concentration was set to 400 pmol mol 1, the
light intensity was set to 1200 umol-m~2 s~1, the airflow rate was set to 0.5 L min~!, the
leaf temperature was 25 °C, and the relative humidity was set to 70%. Rice leaves with the
same growth trend were selected to measure the net photosynthetic rate (Pn), transpiration
rate (Tr), stomatal conductance (Gs), and intercellular CO, concentration (Ci) of the top
two leaves (D2) of the rice plant [26].

2.5. Determination of Cd Content of Leaves

An inductively coupled plasma optical emission spectrometer (ICP-OES, Thermo
Fisher Scientific, Waltham, MA, USA) was used to measure the Cd content of the leaves.
The rice leaves were blanched at 105 °C for 30 min, dried in an oven at 75 °C to a constant
weight, and thoroughly crushed using a solid sample grinder. Then, 0.2000 g of the leaf
sample was weighed, 5 mL of nitric acid (HNOj3) was added, and the sample was digested
ina 120 °C graphite digestion instrument for 2 h until there was no sediment in the digestion
tank. Then, the temperature was adjusted to 150 °C to evaporate the acid. The sample was
removed and allowed to cool. The sample was diluted to a volume of 50 mL in a volumetric
flask, filtered, and analyzed via ICP-OES [27].

2.6. Statistical Analysis

The test data were analyzed by one-way analysis of variance (ANOVA) and least
significant difference (LSD) tests using SPSS 24.0 software (SPSS Inc., Chicago, IL, USA) to
calculate the significance of different treatments on the measured parameters.

3. Results
3.1. Effects of Different Cd Stress Concentrations on Cd Content of Rice Canopy Leaves

The dynamic vertical distribution characteristics of the Cd content in the different
leaf positions in the different growth stages of the rice plant under different Cd stress
concentrations are shown in Figure 3. In the three growth stages, the Cd content of the
rice leaves at different leaf positions increased significantly with increasing Cd stress con-
centration. The Cd content of the rice leaves in the Cd1 and Cd2 treatments increased by
56.48% and 296.96%, respectively, compared with the CK treatment in the late tillering
stage, by 39.72% and 248.30% in the heading stage, respectively, and by 45.72% and 141.92%
in the filling stage, respectively. The Cd contents of the leaves at different leaf positions
were the lowest in the heading stage, the second lowest in the late tillering stage, and
the highest in the filling stage. In the tillering stage and heading stage, the Cd contents
of the leaves at different leaf positions in treatments CK, Cd1, and Cd2 were as follows:
D1 < D2 < D3 < D4. During the grouting period, the Cd contents of the leaves in the CK treat-
ment were as follows: D2 < D3 < D1. In treatment Cd1, the Cd contents of the leaves were
as follows: D3 < D1 < D2. In treatment Cd2, the Cd contents of the leaves were as follows:
D1 <D2 < D3.

3.2. Temporal and Spatial Changes in Chlorophyll Content of Rice Canopy Leaves

The dynamic changes and vertical distribution characteristics of the SPAD values of
the rice leaves at different leaf positions in the different growth stages under different Cd
concentrations are shown in Figure 4. The SPAD values of the rice leaves decreased with
increasing Cd stress concentration in the three growth stages. The SPAD values of the rice
leaves in treatments Cd1 and Cd2 were 3.45% and 6.91% lower than those in CK in the
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tillering stage, 1.91% and 5.25% lower in the heading stage, and 1.93% and 12.01% lower in
the filling stage.
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Figure 3. Effect of different Cd stress concentrations on Cd content of rice canopy leaves during
different growth stages ((a) Tillering; (b) Heading; (c) Filling). D1-D4 represent the leaf position from
top to bottom of the plant.
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Figure 4. Rice canopy leaves of the relative chlorophyll content during different growth stages
((a) Tillering; (b) Heading; (c) Filling). The black dot represents the average value of SPAD at the top,
central and basal. D1-D4 represent the leaf position from top to bottom of the plant, lowercase letters
indicate significant differences.

The SPAD values of the rice leaves increased gradually from the tillering stage to the
heading stage, reached the maximum value in the heading stage, and decreased rapidly
from the heading stage to the filling stage. The SPAD values of the leaves at different
leaf positions decreased after the heading stage, and the range of the decrease was as
follows: Cd2 > Cd1 > CK. The SPAD values of the leaves of treatments Cd2, Cd1, and
Ck in the filling stage were 7.46%, 4.98%, and 4.80% lower than those in the heading
stage, respectively.

In the tillering stage, in treatment CK, the leaf SPAD values were D3 > D4 > D2 > D1;
and in treatments Cd1 and Cd2 they were D3 > D2 > D4 > D1. In the heading stage, the
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SPAD values of treatment CK were D2 > D3 > D1 > D4, those of Cdl were
D2 > D1 > D3 > D4, and those of Cd2 were D1 > D2 > D4 > D3. During the grouting period,
the SPAD values of treatment CK were D2 > D1 > D3, those of Cd1 were D1 > D2 > D3,
and those of Cd2 were D2 > D3 > D1. In addition, the SPAD values of the D1, D2, D3, and
D4 blades were as follows: basal > central > top.

3.3. Effects of Different Cd Stress Concentrations on Photosynthetic Parameters of Rice Leaves in
the Heading Stage

Figure 4 shows that the SPAD values of the rice canopy leaves reached the maximum
in the heading stage, and the chlorophyll content was closely related to photosynthesis
under Cd stress [28]. Figure 5 shows the changes in the photosynthetic parameters of
the rice leaves under different Cd stress concentrations in the heading stage. Compared
with CK, as the Cd stress concentration increased, the Pn, Gs, Tr, and Ci values of the rice
leaves decreased. The Pn values of treatments Cd 1 and Cd 2 decreased by 11.10% and
13.41%, respectively, compared with CK. The Gs values decreased by 19.39% and 40.78%,
respectively, compared with CK. The Tr values decreased by 9.24% and 26.71%, respectively,
compared with CK. The Ci values decreased by 5.66% and 12.43%, respectively, compared
with CK.
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Figure 5. Changes in photosynthetic parameters of rice leaves under different Cd stress concen-
trations((a) Net photosynthetic rate (Pn); (b) Stomatal conductance (Gs); (¢) Transpiration rate (Tr);
(d) intercellular CO, concentration (Ci)), lowercase letters indicate significant differences.

3.4. Responses of Chlorophyll Fluorescence Parameters of Rice Canopy Leaves to Different
Cadmium Concentrations

The results of the cluster thermogram analysis of the different Cd stress concentrations
and ChlF parameters are shown in Figure 6. The change in the color on the heat map
directly reflects the change in the ChlF parameter with increasing Cd stress concentration.
The 14 ChlF parameters can be divided into four categories. In the tillering stage, the first
category includes qL; the second category includes Y (NPQ), NPQ, gN, and gP; the third
category includes Fv/Fm, Y (NO), Fo, Fo’, ETR, and Y (II); and the fourth category includes
Fm, Fm’, and F. In the heading stage, the first category includes qL; the second category
includes Fo, NPQ, and Fo’; the third category includes Fm, Y (NPQ), qN, and qP; and the
fourth category includes Fv/Fm, Y (NO), ETR, Y (II), Fm’, and F. In the grouting period,
the first category includes Y (NPQ), NPQ, and qN; the second category includes ETR, Y (II),
and Fm’; the third category includes Fo, qL, and Fo’; and the fourth category includes Fm,
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Y (NPQ), qP, Fv/Fm, and E. In the tillering and filling stages, CK was the first type, and
Cd1 and Cd2 were the second types. In the heading stage, CK and Cd1 were the first types,
and Cd2 was the second type.

V(NPQ)
(NPQ

cdl C ! cdl cd adl

(a) Tillering (b) Heading (o) Filling
Figure 6. Cluster heat maps of different Cd stress concentrations and Chlorophyll fluorescence
parameters during different growth stages ((a) Tillering; (b) Heading; (c) Filling). Taking the CK
treatment as the control (CK treatment equals 1, denoted by orange) and parameters of another
treatment of the stage are expressed by a fraction relative to the corresponding value of the CK
treatment. The redder the color is, the bigger it is relative to CK, and the bluer the color is, the smaller
it is relative to CK.

3.5. Effects of Different Cadmium Concentrations on Chlorophyll Fluorescence Parameters of Rice
Canopy Leaves at Different Positions

The changes in the ChlF parameters of the rice leaves at different leaf positions under
different Cd stress concentrations are shown in Figure 7. In treatments CK and Cd1, in
tillering stage, the NPQ of the D3 leaves was lower than that of the D2 and D4 leaves and
was greater than that of the D1 leaves. The NPQ values at the different leaf positions were
D4 > D2 > D3 > D1 and D2 > D4 > D3 > D1 for treatments Ck and Cd1. As the Cd stress
concentration increased, the NPQ of the D3 leaves increased rapidly. The NPQ values at
the different leaf positions in treatment Cd2 were D4 > D3 > D2 > D1. In treatment CK, the
Fo values of the D2 leaves were the largest, and the Fo values at the different leaf positions
were D2 > D4 > D1 > D3. The Fo values of the D2 and D3 leaves were smaller than those of
the D1 leaves in treatments Cd1 and Cd2. The Fo values at the different leaf positions were
D4 > D1 > D2 > D3 and D1 > D4 > D2 > D3 for treatments Cd1 and Cd2. It can be concluded
that the NPQ of the D3 leaves and the Fo of the D2 leaves were more sensitive to the Cd
stress than the other leaves in the tillering stage. In treatments CK and Cd1, in the heading
stage, the NPQ values of the D3 leaves were lower than those of the D2 and D4 leaves and
were larger than those of the D1 leaves. The NPQ values at the different leaf positions were
D4 > D2 > D3 > D1. The NPQ values of the D3 leaves increased rapidly in treatment Cd2,
and the NPQ values at the different leaf positions were D3 > D4 > D2 > D1. In treatment
CK, the Fo values of the D2 and D3 leaves were lower than those of the D1 leaves, and the
Fo values at the different leaf positions were D4 > D1 > D3 > D2. The Fo values of the D2
and D3 leaves were greater than those of the D1 leaves in treatments Cd1 and Cd2, and the
Fo values at the different leaf positions were D4 > D2 > D3 > D1 and D3 > D4 > D2 > D1.
It can be concluded that in the heading stage, the NPQ and Fo values of the D3 leaves
were more sensitive to the Cd stress than the other leaves. During the grouting period, the
NPQ values of the D2 leaves in treatments CK and Cd1 were lower than those of the D1
and D4 leaves, and the NPQ values at the different leaf positions were D1 > D3 > D2 and
D3 > D1 > D2. The NPQ values of the D2 leaves increased rapidly in treatment Cd2, and
the NPQ values at the different leaf positions were D2 > D3 > D1. In treatment CK, the Fo
values of the D2 and D3 leaves were lower than those of the D1 leaves, and the NPQ values
at the different leaf positions were D1 > D2 > D3. The Fo values of the D2 leaf were greater
than those of the D1 leaves in treatments Cd1 and Cd2, and the Fo values at the different
leaf positions were D3 > D2 > D1 and D2 > D1 > D3. It can be concluded that in the filling
stage, the NPQ and Fo values of the D2 leaves were more sensitive to the Cd stress than the
other leaves.
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Figure 7. Radar plots of the CK, Cd1, and Cd2 treatment with a series of important parameters
derived from the Chlorophyll fluorescence during different growth stages ((a) Tillering; (b) Heading;
() Filling). These parameters for each leaf are the average of all samples with the CK, Cd1, and Cd2
treatment. Taking each leaf at the D1 position as the control (each parameter equals 1, denoted by a
red circle) and the parameters of another leaf of the stage are expressed by a fraction relative to the
corresponding value of the D1 layer leaf, the number of the outermost circle represents the maximum
value of its scale mark. Lines of different colors represent values from D1 to D4.

As the difference in the Fv/Fm value at the different leaf positions in Figure 6 is
affected by the legend coverage, it is difficult to see the difference intuitively. Figure 8
shows the results of the impact analysis of the different Cd concentrations on the Fv/Fm
value at the different leaf positions in the rice canopy. In treatments CK and Cdl, in
the tillering stage, the Fv/Fm values of the D2 leaves were lower than those of the D1
leaves, and the Fv/Fm values at the different leaf positions were D4 > D2 > D3 > D1 and
D2 > D4 > D3 > D1. As the Cd concentration increased, the Fv/Fm values of the D2 leaves
increased rapidly. The Fv/Fm values at the different leaf positions in treatment Cd2 were
D2 > D3 > D1 > D4. It can be concluded that in the tillering stage, the Fv/Fm value of the D2
leaves was more sensitive to the Cd stress than those of the other leaves. In treatment CK, in
the heading stage, the Fv/Fm values of the D3 leaves were greater than those of the D1 and
D2 leaves. As the Cd concentration increased, the Fv/Fm values of the D3 leaves decreased
rapidly. In treatments Cd1 and Cd2, the Fv/Fm values of the D3 leaves were lower than
those of the D1 and D2 leaves, and the Fv/Fm values at the different leaf positions were
D1>D2>D4 > D3 and D1 > D2 > D3 > D4. It can be concluded that in the heading stage,
the Fv/Fm value of the D3 leaves was more sensitive to the Cd stress than those of the other
leaves. In treatment CK, in the filling stage, the Fv/Fm values of the D2 and D3 leaves were
greater than those of the D1 leaves, and the Fv/Fm values at the different leaf positions
were D2 > D3 > D1. As the Cd concentration increased, the Fv/Fm values of the D2 and
D3 leaves decreased rapidly. In treatments Cd1 and Cd2, the Fv/Fm values of the D2 and
D3 leaves were lower than those of the D1 leaves. The Fv/Fm values at the different leaf
positions were D1 > D2 > D3. It can be concluded that in the filling stage, the Fv/Fm values
of the D2 and D3 leaves were more sensitive to the Cd stress than those of the other leaves.
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Figure 8. Effect of different cadmium stress concentrations on Fv/Fm of rice canopy leaves at different
leaf positions during different growth stages ((a) Tillering; (b) Heading; (c) Filling). Uppercase letters
indicate significant differences between CK, Cd1, and Cd2, and lowercase letters indicate significant
differences between D1, D2, D3, and D4.

4. Discussion
4.1. Effects of Different Cd Stress Concentrations on Cd Content of Rice Canopy Leaves

There are differences in the Cd contents of rice leaves in the different growth stages,
and the tillering stage and filling stage are the key periods for Cd accumulation [29]. In this
study, it was found that the Cd contents of the leaves were the lowest in the heading stage,
while the Cd contents of the leaves were relatively high in the tillering and filling stages,
which is consistent with previous research results [30]. Rice plants grow vegetatively in
the tillering stage, and their biomass increases rapidly. Cd enters the rice leaves with the
nutrients so the Cd content of the leaves is high in the tillering stage [31]. In the tillering
stage and heading stage, as the leaf position moved downward, the Cd content of the
leaves increased, indicating that the Cd had a significant downward enrichment trend. The
younger the leaves were, the lower the Cd content was.

4.2. Vertical Distribution Characteristics of Relative Chlorophyll Content under Different Cd
Stress Concentrations

Chlorophyll is the main executor of photosynthesis in crop leaves, and it is respon-
sible for the absorption, transmission, and energy conversion of light energy. Cd stress
reduces the chlorophyll content of crop leaves [32,33]. In this study, it was found that
the SPAD value of the rice leaves decreased with increasing Cd concentration, which is
consistent with previous research results [32-34]. There are many reasons for the reduction
of the chlorophyll content under Cd stress. For example, Cd inhibits the biosynthesis of
chlorophyll by reducing the activity of ATPase in the plasma membrane, increasing lipid
peroxidation, and reducing the activity of the enzymes involved in CO; fixation [35]. Cd
causes Fe?* deficiency and has a negative impact on the photosynthetic system [36]. Cd
interferes with the absorption of water, Ca, Mg, K, and P, leading to a reduction of the
chlorophyll content [37].

The SPAD values of the rice leaves reached the maximum in the heading stage, which
may indicate that the rice plant was in a vigorous growth period with sufficient sun-
shine [38]. The rapid decrease in the SPAD value during the filling may be due to the
natural senescence of the leaves [39]. In the tillering stage, the three functional leaves (D1,
D2, and D3) of the rice plant increased as the leaf position moved upward, and D4 was
always smaller than D3. The SPAD value decreased as the leaf position moved downward
in the heading stage and filling stage. This may be because the leaves at different leaf
positions play different roles (source or sink) in the growth and development of the rice
plant. In the vegetative growth stage, the leaves are a sink; while in the reproductive
growth stage, the leaves act as a source. The continuous change in the relationship between
the sink and the source leads to significant spatiotemporal variations in the chlorophyll
content [9]. In addition, the SPAD values at different measuring positions are different [40].
The thicker the blade is, the larger the SPAD value will be [41], which may be the reason
why the SPAD value gradually increases from the top to the basal.
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4.3. Effects of Different Cd Concentrations on Photosynthetic Gas Exchange Parameters of Rice
Leaves in the Heading Stage

Photosynthesis is a systematic process involving photosynthetic pigments, a photosys-
tem, an electron transfer system, and a CO, assimilation mode [42]. It is highly sensitive
to Cd stress, and even a low concentration of Cd can inhibit crop photosynthesis [43]. Pn
is a determinant of rice growth and dry matter accumulation [44]. The adsorption of an
excessive amount of Cd leads to a reduction of the net photosynthetic rate and the synthesis
of chlorophyll [45]. In this study, consistent results were obtained, that is, the Cd stress
reduced the Pn and SPAD values. The decrease in the Gs was one of the earliest reactions
to the decrease in photosynthesis under Cd stress [46]. Ci and Tr reflected the diffusion
and fixation rates of CO, [47]. In this study, it was found that Pn, Gs, Ci, and Tr decreased
significantly with increasing Cd stress concentration, which is consistent with previous
research results [43]. It can be concluded that the photosynthesis of the rice leaves was
extremely sensitive to Cd stress, and the Cd stress led to a significant reduction in the
stomatal conductance and transpiration rate, thus inhibiting the supply of CO,, leading to
a significant decrease in the intercellular CO; concentration, and ultimately leading to a
significant reduction in the net photosynthetic rate.

Photosynthesis is jointly controlled by stomatal factors and non-stomatal factors [48].
If the change trends of Ci and Pn are consistent, the stomatal factors are the main cause of
the change in photosynthesis, and the non-stomatal factors are the main cause when the
trends are not consistent. In this study, it was found that the Cd stress decreased the Ci and
Pn values, indicating that the stomatal factors were the main reason for the reduction of
photosynthesis, which is consistent with previous research results [49]. The main reason
Cd stress reduces rice plant photosynthesis is that K* flows from the guard cells to the
auxiliary cells, leading to reduced swelling of the guard cells and finally closure of the
stomata [50-52]. Cd stress also inhibits chlorophyll biosynthesis and RuBisCO activity [53],
increases the concentration of soluble hexose in leaves, inhibits photosynthetic genes, and
reduces the CO, assimilation rate [54].

4.4. Effects of Different Cadmium Stress Concentrations on Chlorophyll Fluorescence Parameters of
Rice Leaves

The ChIF can accurately reflect the process of light energy absorption and transmission
by crops and can directly affect biological processes such as the electron transfer rate, proton
gradient establishment, and adenosine triphosphate (ATP) synthesis. It is a powerful tool
for studying the physiological responses of crops under heavy metal stress [55,56]. In this
study, it was found that under Cd stress, the ChlF parameters Fo and NPQ increased, while
Fv/Fm, ETR, and Y (II) decreased, which is consistent with previous research results [20,57].
The increase in the Fo value is a significant feature of the inactivation of or the damage
to PSII [58]. As the Cd stress concentration increased, the range of the increase in Fo
became larger, indicating that the light inhibition was weaker in treatment Cd1; while in
treatment Cd2, PSII of the rice plant was damaged. Fv/Fm is usually between 0.80 and
0.84. Under non-stress conditions, its value changes very little, but it decreases significantly
under environmental stress, so it can be used as an indicator of photoinhibition [57]. The
Fv/Fm value of treatment CK was about 0.80, while those of treatments Cd1 and Cd2 were
significantly lower than 0.80, indicating that Cd1 and Cd2 were under high Cd stress. It can
be concluded that the Cd stress caused photoinhibition, which damaged the potential active
center of PSII and inhibited the primary photosynthesis reaction. Y (II) reflects the actual
photosynthetic efficiency of PSII. Crops dissipate excess excitation energy by activating the
NPQ pathway to protect the photosynthetic apparatus from damage, so the NPQ value
increases under heavy metal stress [59]. In this study, it was found that Y (II) decreased and
NPQ increased significantly under Cd stress, indicating that the photosynthetic electron
transport activity in the rice leaves decreased under Cd stress, and more light energy
was absorbed and dissipated through non-photochemical pathways, revealing the self-
protection mechanism of the rice leaves. These results are consistent with previous research
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results [60]. It can be concluded that Cd stress inhibited the photosynthetic electron transfer
ability of PSII, reduced the electron transfer rate, and the rice plant dissipated the excess
light energy through non-radiation energy channels to protect its own photosynthetic
apparatus. ETR is the electron transfer rate of PSII. Cd stress affects the electron transfer
of PSII first, thereby reducing the reaction activity of PSII and inhibiting photosynthesis.
In this study, it was found that as the Cd stress increased, the ETR significantly decreased,
indicating that the Cd stress damaged the chloroplast ultrastructure of the rice leaves,
inhibited the electron transfer rate, and finally decreased the efficiency of the light energy
conversion and photosynthesis.

In the tillering stage and filling stage, there were differences between treatments Cd1
and Cd2 and treatment CK; while in the heading stage, treatments CK and Cd1 were
divided into one type, which was different from that of Cd2. The results show that the Cd
stress had a greater effect in the tillering and filling stages than in the heading stage.

4.5. Significant Spatiotemporal Characteristics of Leaf Photochemistry

During the natural senescence of rice plants, the photosynthetic activity (Fv/Fm) and
chlorophyll content decrease, so the ChlF also decreases [61]. The senescence mode of
rice leaves is sequential senescence, that is, senescence from the lower leaves to the upper
leaves [62]. Cd stress also accelerates crop senescence [63] and inhibits the photosynthesis
of rice plants [43,64]. In this study, it was found that in the heading stage, the Cd content
of the leaves increased and the chlorophyll content decreased as the leaf position moved
downward. In the heading stage, the Cd content of the leaves was low, but the chlorophyll
content was high, which may be the reason why more photosynthetic activity occurred in
the middle and upper leaves in the heading stage.

In this study, it was found that there was no significant change in the Fv/Fm of
the canopy leaves in treatment CK, but under Cd stress, the Fv/Fm decreased as the
leaf position moved downward. This indicates that the Cd stress changed the spatial
distribution of the rice canopy leaves. This is consistent with the results of the Cd content
distribution and chlorophyll content distribution in the canopy leaves. It can be concluded
that the natural senescence of the leaves, the excessive accumulation of Cd in the leaves,
and the reduction of the chlorophyll content may all be reasons why the lower leaves had a
lower maximum photochemical efficiency.

The magnitude of Fo is related to the chlorophyll content and the degree of damage to
PSIIL. Fo decreases with decreasing chlorophyll content, while damage to the photochemical
structure causes Fo to increase [65]. Therefore, the direction of the change in Fo depends on
the factors that play a leading role in these processes. In the tillering stage, there was no
significant change in Fo in the treatment of CK. In treatments Cd1 and Cd2, the Fo values
of D1, D2, and D3 decreased as the leaf position moved downward, but it increased in D4.
This shows that the destruction of the photochemical structure of the upper leaves in the
tillering stage played a leading role in the increase in the Fo value, while the increase in
the Fo value of the D4 leaves was due to the joint effect of the increase in the chlorophyll
content and the destruction of the photochemical structure. In the heading stage and filling
stage, the Fo values of D2 and D3 were greater than that of D1 in treatment CK, which
may be the reason why the chlorophyll contents of D2 and D3 were higher. The Fo value
increased, the chlorophyll content decreased, and the Cd content increased as the position
of the leaves moved downward in treatments Cd1 and Cd2, indicating that the destruction
of the photochemical structure in the lower leaves played a leading role. It can be concluded
that in treatment CK, the Fo value was mainly affected by the chlorophyll content; while in
treatments Cd1 and Cd2, the Fo value was mainly affected by the Cd stress. In the tillering
and heading stages, NPQ increased as the leaf position moved downward, indicating that
under the dual effects of natural aging and Cd stress, the heat dissipation of PSII was higher
in the lower leaves, which is consistent with previous research results [61]. This may be
due to the reduction of the chlorophyll content, which leads to the reduction of the light
energy captured by the photosynthetic organs, thus reducing the risk of photoinhibition.



Agronomy 2023, 13,121 12 of 15

The degradation of chlorophyll can retransfer the released nitrogen and phosphorus to
other functional leaves in order to maintain the vitality of the upper leaves as much
as possible [66]. Regulating the energy dissipation Y (NPQ) dissipates the light energy
absorbed by PSII in the form of heat to achieve self-protection, which is consistent with
the changing trend of NPQ, indicating that the lower leaves of the rice plant can dissipate
excess light energy through self-regulation to achieve self-protection.

5. Conclusions

In this study, we investigated the characteristics of the vertical distribution of relative
leaf Chl content and fluorescence response within the rice canopy at different fertility
periods. We demonstrated that Cd stress increased the Cd content in rice leaves and
decreased the SPAD values, thus reducing photosynthesis and fluorescence parameters.
The SPAD values were higher in the lower leaves at the tillering stage and higher in the
upper leaves at the tasseling and filling stages. D3 leaves (NPQ) and D2 leaves (Fo, Fv/Fm)
at the tillering stage, D3 leaves (NPQ, Fo, Fv/Fm) at the tasseling stage, D2 leaves (NPQ,
Fo, Fv/Fm), and D3 leaves (Fv/Fm) at the filling stage are sensitive leaf positions and
fluorescence parameters for monitoring Cd stress response in rice at different reproductive
periods. These findings provide a new and feasible means to understand the relationship
between physiological properties between canopy and individual leaves and to monitor
Cd contamination levels non-destructively over a large area.
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