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Abstract: Soil cadmium (Cd) contamination poses a serious threat to ecosystems, and the application
of phosphorus fertilizers can reduce Cd toxicity. However, the specific effects of different phosphorus
fertilizers on the subcellular distribution and chemical morphology of Cd in eggplant grown in
calcareous Cd-contaminated soil remain unclear. This study examined the impact of various types
and levels of phosphate fertilizers on the subcellular distribution and chemical morphology of
cadmium in eggplant seedlings using a two-factor analysis. The investigation was conducted via a
pot experiment utilizing a two-factor analysis. The application of 0.35 g kg~! dicalcium phosphate
significantly decreased the Cd content in the subcellular distribution and induced notable alterations
in the chemical morphology of Cd in eggplant roots. Specifically, the ethanol-extracted Cd state
decreased by 65.45%, and the sodium chloride-extracted Cd state decreased by 64.65%. Conversely,
Cd extracted by deionized water, acetic acid, hydrochloric acid, and the residue state increased by
6.20%, 4.01%, 20.87%, and 17.85%, respectively. The application of 0.35 g kg~ ! dicalcium phosphate
resulted in the most significant reduction in Cd content in eggplant and modification of subcellular
Cd distribution and chemical morphology in roots.

Keywords: cadmium pollution; phosphate fertilizer; eggplant; subcellular; chemical morphology

1. Introduction

Unreasonable social development coupled with activities in the mining industry and
the utilization of toxic and harmful heavy metal fertilizers and pesticides have resulted
in cadmium becoming the most widespread heavy metal pollutant in soil. Cadmium
(Cd) is highly toxic and mobile, capable of being absorbed by plants, leading to cadmium
pollution issues in at least 280,000 hectares of agricultural soil in China [1-3]. Soil pollution
research in China revealed that 19.4% of agricultural cropland experienced excessive heavy
metal contamination, with Cd being the element displaying the highest soil heavy metal
contamination, exceeding the standard by 7% [4,5]. Cd can transfer from the soil to the
food chain and subsequently into the human body, leading to severe health issues. It has
been classified as a Group 1 human carcinogen [6].

Remediation of soil Cd pollution is challenging, with a long treatment cycle requir-
ing suitable technologies. Previous studies indicate that the application of phosphorus
fertilizer is a crucial auxiliary measure for remediating heavy metal-contaminated soil [7].
Phosphorus (P), an essential element for plant growth and physiological functions, not only
provides nutrients and participates in metabolic processes through various pathways [8-10]
but also influences Cd activity in the soil, reducing its toxic effects [11-13]. Studies have
demonstrated that applying 0.8% P fertilizer (monoammonium phosphate) significantly
enhances the growth and yield of wheat while decreasing Cd accumulation in straw and
seeds [14]. Similarly, the application of 109 mg P kg~! P fertilizer (calcium superphosphate)
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diminishes Cd mobility in soil and Cd accumulation in lettuce [15]. P fertilizers can inhibit
the uptake of Cd by plants and facilitate the formation of Cd-P precipitates in the soil. This
process reduces the bioavailability of Cd, thereby mitigating damage to plants caused by
Cd [16,17]. Furthermore, the bioactivity of Cd in plants is associated with its subcellular
distribution and chemical morphology. Both factors can significantly impact the amount
of free Cd?* in plant cells, potentially influencing the transport and accumulation of Cd
throughout the plant [18]. Research suggests that Cd primarily binds to the cell wall of
tobacco leaves as phosphate or pectate, subsequently distributing to vesicles via organic
nuclear protein binding [19]. Additionally, an increase in Cd content results in elevated
Cd content in the cell wall of wheat [20]. Previous studies have focused on the use of P
fertilizers to mitigate the toxic effects of Cd in soil, while the influence of P fertilizer appli-
cation on the distribution of Cd in plant subcellular compartments and on the chemical
morphology of Cd remains unclear.

Numerous studies have investigated the application of P fertilizers to alleviate the toxic
effects of Cd in acidic soils [21-23]. However, globally, over 30% of soils are calcareous and
are found in arid or semi-arid regions, where Cd pollution is also prevalent [24]. Cd exhibits
low solubility in calcareous soils and is highly prone to enrichment by plants, impacting
humans through the food chain [25]. Currently, there is limited research on Cd pollution in
calcareous soils. Although China possesses abundant P resources, there are various high-
yield P fertilizers. Thus, addressing the challenge of utilizing P resources to mitigate Cd
harm while ensuring normal agricultural production is an urgent matter. Most prior studies
on remediating Cd pollution focused on a single P fertilizer, with fewer exploring the effects
of multiple P fertilizer types on Cd pollution [16,17,26]. Eggplant is extensively cultivated
globally and ranks as the third-largest crop in the Solanaceae family [27]. Eggplants
exhibit a higher propensity for cadmium accumulation compared to other vegetables [28].
Therefore, in this study, we added a quantitative amount of Cd to calcareous soil to simulate
Cd-polluted soil, applied four types of P fertilizers and implemented four P application
levels, and used eggplant as the research object to analyze the effects of different P fertilizers
on the subcellular distribution and chemical morphology of Cd in eggplant at seedling
stage. The aim was to clarify the recommended types and application rates of P fertilizers
for Cd-polluted soils and to offer theoretical support for enhancing phytoremediation
efficiency. We formulated the following hypotheses: (1) applying P fertilizer can reduce Cd
content in all parts of eggplant seedlings and increase eggplant biomass; (2) the application
of P fertilizer, particularly at a rate of 0.35 g kg !, can diminish the subcellular Cd content
in all parts of the eggplant seedlings and alter the distribution proportions; and (3) various
types of P fertilizer application can decrease the content of Cd in eggplant roots, thereby
reducing the toxicity of Cd pollution to eggplant roots.

2. Material and Methods
2.1. Cd-Polluted Soil Preparation

The test soil, a calcareous brown soil, was sourced from Beizhang Village (37°25' N,
112°33’ E), Taigu District, Jinzhong City, Shanxi Province, China. Soil samples from the
0-20 cm layer were obtained using a screw auger, naturally air-dried, and sieved through
a 2 mm sieve after impurity removal. CdCl, 2.5 H,O was chosen as the Cd source to
simulate Cd-polluted soil. It was applied to the soil as a solution containing 5 mg kg~
of Cd. At this concentration, Cd can significantly decrease plant fertility indicators and
inhibit growth [29]. The soil was cycled between wet and dry conditions three times, equili-
brated for 2 months at room temperature, air-dried, sieved with a 0.85 mm sieve, and set
aside [30]. The test soil exhibited the following physicochemical properties: pH 8.2, organic
matter 17.68 g kg !, total nitrogen (N) 0.76 g kg !, total P 0.82 g kg~ !, alkali-hydrolyzable
N 75.57 mg kg !, available P 13.24 mg kg~ !, available potassium (K) 145.37 mg kg !, and
total Cd 0.21 mg kg !
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2.2. Experimental Design

The experiment involved four types of P fertilizers (monoammonium phosphate
(MAP), superphosphate (SSP), diammonium phosphate (DAP), and dicalcium phosphate
(DCP)) and four phosphorus levels (0, 0.15,0.25,and 0.35 g kg’l, denoted as PO, P1, P2, and
P3, respectively). A two-factor completely randomized design was used to fill each plastic
pot (32 cm diameter x 30 cm depth) with 10.0 kg of equilibrated Cd-polluted soil and then
add different types and levels of P fertilizers. The experiment consisted of 13 treatments,
each replicated three times, with a total of 39 pots of soil. In order to ensure sufficient
supply of other large elements except P, N and K fertilizers were applied to each treatment;
the N fertilizer was supplemented with urea to N 0.2 g kg™!, and the K fertilizer was
supplemented with K,O to 0.15 g kg ~!. The soil was mixed well in each plastic pot, water
was added to 20% of the soil water content, and the soil was equilibrated in the experimental
base of Shanxi Agricultural University for 15 days. In order to exclude interferences, the
reagents used in the experiments were analytically pure and purchased from Tianjin Komeo
Chemical Reagent Co. (Tianjin Komeo Chemical Reagent Co, Tianjin, China).

After being fully watered and left for 1 day on 25 June 2022, planting of eggplant
seedlings was carried out. Eggplant seedlings were selected from those that had grown 2
to 3 true leaves, and the variety was Thistle Nong Ermin Eggplant, which was purchased
in the local market. Two eggplant seedlings were planted in each pot of balanced soil and
watered regularly every day to maintain the moisture content in the soil at about 70% of the
field water holding capacity and to provide relevant protection against pests and diseases.

2.3. Measurement Methods

Eggplant seedling samples were collected 25 days after planting. Harvested seedlings
underwent triple washing under tap water, followed by rinsing with deionized water to
separate roots, stems, and leaves. These components were then dried in a 105 °C desiccator
for 30 min, further dried in an 80 °C desiccator to achieve constant weight, and weighed to
determine dry weight. Additionally, plant samples were crushed for subsequent use [31].

Quantities of 0.1 g of crushed plant samples were weighed, 8 mL of HNO3 and 2 mL
of HCIO4 were added by acid digestion and digested in a hot plate for 2 to 3 h until a white
solution was formed, and whole Cd was determined by graphite furnace atomic absorption
spectrometry (ZEEnit 650, Analytik, Jena, Germany) [32].

In the subcellular distribution assay of Cd in plants, 0.2 g of a plant sample was
weighed. The pre-cooled extract (with 0.25 M sucrose, 50 mM Tris-HCI (pH 7.5), and 1 mM
dithioerythritol) was added and ground thoroughly to form a homogenate. The resulting
precipitate, obtained by filtering the homogenate, represented the cell wall fraction. The
clear liquid was then subjected to centrifugation at 20,000 x g for 45 min, and the resulting
pellet was identified as the organelle fraction. The resulting supernatant was termed the
soluble tissue. Cd content was determined separately using the method outlined above for
Cd determination [33].

For the determination of the chemical morphology of cadmium [34], the Cd chemical
morphologies in the roots of the eggplant seedlings were extracted using different solutions:
(1) ethanol extraction state (Fg): 80% ethanol for inorganic Cd extraction; (2) deionized
water extraction state (Fy): deionized water, for extracting water-soluble Cd(H,POy);
from organic acid complexes and Cd; (3) sodium chloride extraction state (Fnac1): 1 M
NaCl for extracting Cd bound to pectic acid and proteins; (4) acetic acid extraction state
(Fgac): 2% acetic acid (HAC) was used to extract insoluble CdAHPO,4, Cd3(PQy),, and other
Cd-P complexes; (5) hydrochloric acid extraction state (Fyycp): 0.6 M HCI for extracting
oxalic acid-bound Cd; and (6) residue state (Fr): Cd in the residue. Fresh root tissues were
homogenized in the extracts using a mortar and pestle, diluted at a ratio of 1:100 (w/v),
and shaken at 25 °C for 22 h. Centrifugation and stirring were performed at 5000x g for
10 min. Supernatants from three replicates were combined and used in each of the five
extract solutions, and the Cd content of the extract was determined using the method
described above.
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2.4. Calculations and Statistical Analysis

Data were processed in Excel 2010. One-way ANOVA (Duncan’s test, p < 0.05) was
conducted using SPSS 23. Two-way ANOVA for the type and level of P fertilizer for each
indicator was performed using SPSS 23, and significant differences were determined using
the least significant difference (LSD) test. The correlation between the subcellular and root
chemical morphology of Cd in each part of the eggplant was investigated using Pearson’s
analysis. Origin 2024 software was employed for plotting. The bioconcentration factor
(BCF) and the translocation factor (TF) for eggplant Cd were calculated based on dry weight
using the following equation [35].

Metal i
BCF — plant tissues
Metalg;

where Metalpjant tissues represents Cd concentrations in roots, stems, and leaves and Metalsq;)
is Cd in soil (both in mg kg 1) [36].

Metalaerial

TI:aerialfroo’t = Metal oo
roots

where Metal, o, represents the Cd concentration in stems and leaves and Metal,oots is Cd
in roots (both in mg kg 1) [36].

3. Results
3.1. Eggplant Seedling Biomass

Two-way ANOVA indicated significant effects (p < 0.05) of P fertilizer type, P fertilizer
level, and their interaction on both above- and belowground biomass of eggplant at the
seedling stage under Cd stress. In the Cd-polluted environment, both above- and below-
ground biomass were lower in the no-P treatment (P0). The biomass showed a significant
increase with the application of P fertilizer (Figure 1). Among the various P fertilizer
types, the impact of applied MAP on both above- and belowground biomass was the most
significant (p < 0.05), followed by DCP. When comparing different P fertilizer levels, it was
observed that the above- and belowground biomass exhibited the highest increase at the P3
level, and the various P fertilizer types were ranked as follows: MAP > DCP > DAP > SSP.
In comparison with PO, the aboveground biomass of MAP, DCP, DAP, and SSP increased
significantly by 61.6%, 24.4%, 36.9%, and 42.2% at the P3 level; moreover, belowground
biomass exhibited the most significant increase with the application of MAP at the P3 level.
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Figure 1. Aboveground biomass (a) and belowground biomass (b) of eggplant at seedling stage
under different P fertilizer application rates. A, B, C, and D represent significant differences between
types at the same level of P fertilizer, while a, b, ¢, and d represent significant differences between
levels of the same P fertilizer type. T and L indicate the significance levels of two-factor ANOVA for
P fertilizer type and P fertilizer level, respectively. *** p < 0.05 [35].



Agronomy 2024, 14, 932

50f 15

Cd content in roots (mg kg™)

3.2. Cd Content in Eggplant Seedlings

Two-way ANOVA indicated that the type and level of P fertilizer, along with their
interaction, had significant effects (p < 0.05) on the Cd content in the roots, stems, and leaves
of eggplant at the seedling stage under Cd stress (Figure 2). The Cd content in roots, stems,
and leaves was higher under PO conditions, gradually decreasing with the application of
P fertilizer. Among different P fertilizer types, the Cd content in roots, stems, and leaves
followed the order DCP < DAP < MAP < SSP, with DCP significantly reducing Cd content,
while SSP had a lesser impact. Across different levels of P fertilizer, the reduction in Cd
content in each part became more pronounced with increasing levels, especially at the P3
level. DCP, when compared to SSP at the P3 level, significantly reduced Cd content in the
roots, stems, and leaves of eggplant seedlings by 16.75%, 24.36%, and 31.17%, respectively.
At the P3 level, DCP exhibited a substantial reduction in Cd content in the roots, stems, and
leaves of eggplant seedlings by 59.82%, 98.54%, and 147.1%, respectively, compared to the
PO level.

Il po 0 P1 r2 [l »3 T: **% [ R P2 [ P3 T: *** [ B P2 I P3 T: #x
Lo ke 5 L: % _ L: #e
8t Aa AaAb Aa Al L -_:1; Aa Aa Aa Aal*L: ¥+ i 3 Aa Aa Aa AdlXL: *#*%
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< N
6 Bd - neDd g § ;
< =
4 z £
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S i
2 2 5]

MAP

Different phosphate fertilizer types

SSP

(@)

DAP DCP MAP SSP DAP DCP MAP SSP DAP DCP

(b)

(¢)
Different phosphate fertilizer types Different phosphate fertilizer types

Figure 2. Cd content in eggplant at seedling stage with different P fertilizers. (a) Cd content in roots.
(b) Cd content in stems. (c¢) Cd content in leaves. A, B, C, and D represent significant differences
between types at the same level of P fertilizer, while a, b, ¢, and d represent significant differences
between levels of the same P fertilizer type. T and L indicate the significance levels of two-factor
ANOVA for P fertilizer type and P fertilizer level, respectively. *** p < 0.05.

3.3. Bioconcentration and Translocation Factors for Eggplant Seedlings

The application of various types and levels of P fertilizers exhibited significant differ-
ences (p < 0.01) in the bioconcentration factor (BCF) and translocation factor (TF) across all
parts of the eggplant (Table 1). BCF and TF displayed a decreasing trend with P fertilizer
application. Roots exhibited a stronger enrichment capacity, while leaves showed a weaker
capacity, indicating that Cd pollution primarily accumulated in roots. Root-to-leaf translo-
cation capacity was weaker than root-to-stem translocation, suggesting that translocation
from roots to aboveground sites mainly occurred in the stem. The BCFs and TFs of all
eggplant parts for different P fertilizer types followed the order DCP < DAP < MAP < SSP,
with DCP showing the most significant decrease and SSP the slowest. Across different P fer-
tilizer levels, the reduction in BCF and TF became more pronounced with increasing levels,
reaching maximum significance at the P3 level. In comparison to the PO level, the applica-
tion of DCP at the P3 level significantly reduced BCF in roots, stems, and leaves by 18.93%,
34.74%, and 47.56%, respectively, and TFgiem /root aNd TFjeaf /100t by 19.5% and 35.32%.
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Table 1. BCFs and TFs of Cd for eggplant seedlings with different P fertilizer applications.
Type Level BCFroot BCFstem BCFjeat TFstem/root TFjeaf/root
PO 0.928 £0.004 Aa  0.517 £ 0.005 Aa  0.354 +0.011 Aa  0.558 £ 0.007 Aa  0.382 £ 0.013 Aa
P1 0.870 &+ 0.011 Bb 0.470 £ 0.006 Bb 0.294 £ 0.005 Bb 0.540 £ 0.000 Bb 0.338 & 0.005 Ab
MAP P2 0.849 £ 0.008 Bc 0.432 4 0.004 Ac 0.246 £ 0.004 Bc 0.509 £ 0.005 Ac 0.289 £ 0.002 Bc
P3 0.794 £0.007 Ad  0.388 + 0.008 Ad  0.224 +£0.002Bd  0.489 + 0.009 Ad  0.283 £ 0.001 Bc
PO 0928 £0.004 Aa 0517 £0.0056 Aa  0.354 £0.011 Aa  0.558 +0.007 Aa  0.382 + 0.013 Aa
P1 0.903 + 0.005 Ab  0.496 4 0.006 Ab  0.309 4+ 0.002 Ab  0.550 £ 0.004 Aa  0.342 4 0.001 Ab
SsP P2 0.874 £ 0.011 Ac 0.444 £ 0.009 Ac 0.265 + 0.003 Ac  0.508 £0.010 Ab  0.304 & 0.006 Ac
P3 0.784 £ 0.013 Ad  0.387 £ 0.002 Ad  0.234 +0.002 Ad  0.494 £ 0.006 Ac 0.299 £ 0.002 Ac
PO 0.928 + 0.004 Aa  0.517 £ 0.005 Aa  0.354 £ 0.011 Aa  0.558 +0.007 Aa  0.382 £ 0.013 Aa
P1 0.862 £0.001Bb  0.448 £0.003Cb  0.276 £0.002Cb  0.519 £ 0.003Cb  0.320 £ 0.003 Bb
pAP P2 0.811 £0.002Cc  0.394 £0.006 Bc  0.220+0.001 Cc ~ 0.486 4+ 0.006 Bc ~ 0.271 £ 0.001 Cc
P3 0.758 £ 0.017 Bd 0.358 +0.007Bd  0.200 £ 0.005Cd  0.472 + 0.003 Bd 0.264 4 0.004 Cc
PO 0.928 £0.004 Aa  0.517 £ 0.005 Aa  0.354 £0.011 Aa  0.558 £ 0.007 Aa  0.382 £ 0.013 Aa
P1 0.861 = 0.010Bb  0.436 +£0.006 Db  0.244 +£0.005Db  0.506 +0.005Db  0.283 £ 0.002 Cb
per P2 0.820 4+ 0.010 Cc 0.395 £ 0.008 Bc 0.207 £ 0.003 Dc 0.482 £ 0.004 Bc 0.253 £ 0.002 Dc
P3 0.752 £0.006 Bd  0.338 £0.003Cd  0.186 +£0.003Dd  0.449 £0.004Cd  0.247 £ 0.003 Dc

*%%

sk

%%

bt

%%

%%

*%%

sk

%%

%%

k%%

X434

*%%

k%

%%

BCFioot: soil-to-root Cd bioconcentration factors; BCFgiem: soil-to-stem Cd bioconcentration factors; BCFe,s:
soil-to-leaf Cd bioconcentration factors; TFsem /root: TOOt-to-stem Cd translocation factors; TFjeaf /1ot TOOt-to-leaf
Cd translocation factors. A, B, C, and D represent significant differences between types at the same level of P
fertilizer, while a, b, ¢, and d represent significant differences between levels of the same P fertilizer type. T and
L indicate the significance levels of two-factor ANOVA for P fertilizer type and P fertilizer level, respectively.
% p < 0.01.

3.4. Subcellular Distribution of Cd in Various Parts of Eggplant

Two-way ANOVA indicated significant effects (p < 0.05) of P fertilizer type, P fertilizer
level, and their interaction on the subcellular distribution of Cd in the roots, stems, and
leaves of eggplant at the seedling stage under Cd stress (Figure 3). The subcellular distri-
bution of Cd in all parts of the eggplant was significantly decreased with the application
of various types and levels of P fertilizers compared to the PO level. The most significant
reduction in the subcellular distribution of Cd in eggplant roots, stems, and leaves was
observed with the application of DCP at the P3 level (p < 0.05), whereas the reduction
was not significant with SSP. Relative to PO, the application of DCP at the P3 level led to
reductions in the cell wall, organelle, and soluble fraction Cd contents of eggplant roots of
39.58%, 66.95%, and 36.98%, respectively; of eggplant stems of 46.28%, 69.02%, and 47.60%,
respectively; and of eggplant leaves of 58.59%, 78.71%, and 57.55%, respectively. Applying
P fertilizer changed the Cd distribution proportion at the subcellular level compared to
P0. The trend observed for the distribution of Cd across all parts of the eggplant was as
follows: cell walls > soluble fractions > organelles (Figure 4). The application of P fertilizer
significantly increased the proportion of Cd in cell walls and soluble fractions of roots,
stems, and leaves and decreased the proportion of Cd in organelles.
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Figure 3. Subcellular distribution of Cd in various parts of eggplant seedlings treated with different
P fertilizers. (a) Root cell wall Cd content. (b) Root organelle Cd content. (c) Root soluble fraction
Cd content. (d) Stem cell wall Cd content. (e) Stem organelle Cd content. (f) Stem soluble fraction
Cd content. (g) Leaf cell wall Cd content. (h) Leaf organelle Cd content. (i) Leaf soluble fraction Cd
content. A, B, C, and D represent significant differences between types at the same level of P fertilizer,
while a, b, ¢, and d represent significant differences between levels of the same P fertilizer type. T
and L indicate the significance levels of two-factor ANOVA for P fertilizer type and P fertilizer level,

respectively. *** p < 0.05.
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Figure 4. Proportion of Cd distribution in subcellular fractions in eggplant seedlings under dif-
ferent P fertilizer application rates. (a) Percentage distribution of Cd in root subcellular fractions.
(b) Percentage distribution of Cd in stem subcellular fractions. (c) Percentage distribution of Cd in

leaf subcellular fractions.
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3.5. Chemical Morphology of Cd in the Roots of Eggplant

Two-way ANOVA revealed that the type and level of P fertilizer, along with their
interaction, significantly (p < 0.01) influenced Fp, Fy, and Fyj,¢ in seedling roots of eggplant
under Cd stress (Table 2). Under the PO condition, each extraction state in roots exhibited
the order Fynac1 > Faac > Fw > FracL > Fg > Fr. The application of different types and levels
of P fertilizers led to a decrease in Fg and Fyj,¢; and an increase in Fy, Fyac, Fucr, and
Fr in eggplant roots. The application of P fertilizer led to changes in the proportions of
each extractive state distribution in eggplant (Figure 5). The proportions of Fn,c; and Fg
decreased gradually, while the proportions of Fy, Fiyac, Frcr, and Fr increased. Notably,
Fnac still exhibited the highest proportion among the extractive states. Application of DCP
at the P3 level decreased Fg and Fny, ¢ in eggplant roots by 65.45% and 64.65%, respectively,
and increased Fy, Fyac, Fuacr, and Fr in eggplant roots by 6.20%, 4.01%, 20.87%, and
17.85%, respectively, as compared to the PO level. Regarding the assigned percentage
for each chemical morphology, the Fg percentage decreased by 43.43%, and the FycL
percentage significantly increased by 97.93% at the P3 level compared to the PO level with
the application of DCP. These were the two extraction states with the most pronounced
increase and decrease in the percentage of chemical morphologies in eggplant roots.

Table 2. Cd chemical morphologies in eggplant seedling roots under various P fertilizers (mg kgfl).

Type

Level

Fg

Fw Fnact Fuac FucL Fr

MAP

PO
P1
P2
P3

0.712 £ 0.009 Aa
0.536 + 0.002 Bb
0.472 + 0.007 Bc
0.410 + 0.007 Bd

0.821 4+ 0.004 Aa
0.84 + 0.007 Bab
0.847 £ 0.002 Db
0.852 £ 0.003 Bc

3.738 £ 0.080 Aa
2.883 + 0.024 Bb
2.42 +0.036 Bc
2.105 + 0.030 Bd

1.092 + 0.023 Ab
1.115 £ 0.002 ABa
1.12 £ 0.001 Ca
1.126 £ 0.005 Ba

0.369 £ 0.038 Ab
0.398 + 0.006 Cab
0.416 4 0.004 Ca
0.423 4+ 0.003 Ca

0.159 £ 0.009 Ab
0.171 + 0.004 BCa
0.174 + 0.008 ABa

0.179 £ 0.003 Ba

SSP

PO
P1
P2
P3

0.712 £ 0.009 Aa
0.659 £ 0.013 Ab
0.553 + 0.009 Ac
0.454 + 0.005 Ad

0.82 £ 0.004 Aa
0.827 + 0.003 Cb
0.834 + 0.003 Cc
0.847 4+ 0.002 Bd

3.738 £ 0.080 Aa
3.354 £ 0.044 Ab
2.937 £ 0.033 Ac
2.515 £ 0.035 Ad

1.092 £ 0.023 Aa
1.106 £ 0.012 Bab
1.116 + 0.003 Cab
1.121 £ 0.003 Bb

0.369 + 0.038 Ac
0.377 £+ 0.008 Dc
0.387 £ 0.003 Db
0.404 £ 0.005 Da

0.159 £ 0.009 Ab
0.167 + 0.001 Cab
0.17 + 0.004 Ba
0.176 £+ 0.002 Ba

DAP

PO
P1
P2
P3

0.712 £ 0.009 Aa
0.450 £ 0.005 Cb
0.401 £ 0.011 Cc
0.328 4+ 0.003 Cd

0.82 £ 0.004 Aa
0.85 £ 0.002 Ab
0.856 =+ 0.003 Bb
0.867 £ 0.004 Ac

3.738 £ 0.080 Aa
2.486 + 0.038 Cb
2.118 £ 0.053 Cc
1.73 +£0.016 Cd

1.092 + 0.023 Ab
1.122 £ 0.003 Aa
1.126 £ 0.002 Ba
1.133 £+ 0.002 Aa

0.369 £ 0.038 Ad
0.411 £ 0.003 Bc
0.423 £ 0.001 Bb
0.434 £ 0.004 Ba

0.159 £ 0.009 Ab
0.174 + 0.002 ABa
0.181 + 0.002 Aa
0.184 + 0.002 Aa

DCP

PO
P1
P2
P3

0.712 £ 0.009 Aa
0.386 + 0.01 Db
0.291 + 0.005 Dc
0.246 + 0.003 Dd

0.82 £ 0.004 Aa
0.855 + 0.004 Aa
0.866 £ 0.002 Ab
0.872 4+ 0.001 Ac

3.738 £ 0.080 Aa
2.132 £ 0.053 Db
1.699 £ 0.02 Dc
1.321 £ 0.023 Dd

1.092 + 0.023 Ab
1.124 £+ 0.003 Aa
1.13 + 0.001 Aa
1.136 £ 0.003 Aa

0.369 + 0.038 Ac
0.426 + 0.002 Ab
0.433 £ 0.002 Ab
0.446 £ 0.003 Aa

0.159 £ 0.009 Ab
0.178 + 0.005 Aa
0.182 + 0.001 Aa
0.187 + 0.003 Aa

TxL

ns
ek

ns

*%

*%%

ns

*%

*%k

ns

Fg: ethanol extraction state; Fyy: deionized water extraction state; Fy,c): sodium chloride extraction state; Fyyac:
acetic acid extraction state; Fricr.: hydrochloric acid extraction state; Fg: residue state. A, B, C, and D represent
significant differences between types at the same level of P fertilizer, while a, b, ¢, and d represent significant
differences between levels of the same P fertilizer type. T and L indicate the significance levels of two-factor
ANOVA for P fertilizer type and P fertilizer level, respectively. ***, p < 0.01 **, p < 0.05; ns, non-significant.

3.6. Correlation Analysis of Subcellular and Chemical Morphologies in Eggplant Seedlings

Correlation analysis revealed a significant correlation (p < 0.05) between the subcellular
distribution of Cd in various parts of eggplant seedlings and the chemical morphology
of Cd in roots (Figure 6). Fg and Fy,c] were significantly positively correlated with the
subcellular distribution of Cd in roots, stems, and leaves of eggplants in the seedling
stage, while Fw, Fyac, FucL, and Fr were significantly negatively correlated with the
subcellular distribution of Cd in roots, stems, and leaves of eggplants in the seedling
stage. Following the application of P fertilizer, the subcellular distribution of Cd in various
parts of eggplant seedlings decreased, causing a reduction in cell wall and protoplasmic
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membrane permeability and an increase in retention capacity. This led to a decrease in
Cd bound to proteins, pectin, and other substances on the cell wall (Fn,cj and Fg) and an

increase in the weakly migratory activity of Fyw, Fyac, Facr, and Fr.
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Figure 5. Percentage of cadmium in the chemical morphologies of eggplant seedling roots with the

application of different phosphorus fertilizers.
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Figure 6. Correlation between subcellular distribution and chemical morphology of Cd in roots at the
seedling stage of eggplant treated with different P fertilizers. RW: root cell wall; RO: root organelle;
RS: root soluble fraction; SW: stem cell wall; SO: stem organelle; SS: stem soluble fraction; LW: leaf
cell wall; LO: leaf organelle; LS: leaf soluble fraction.
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4. Discussion
4.1. Effect of Phosphorus Application on Eggplant Biomass and Cadmium Content under
Cadmium Stress

P fertilizer was effective in mitigating the stress effect of Cd on eggplant biomass and
promoting plant growth [37]. Both aboveground and belowground biomass of eggplant at
the seedling stage increased gradually with the addition of P fertilizer (Figure 1), consistent
with the findings of Li [38]. Eggplant biomass significantly increased with higher levels of
P fertilizer. This is attributed to P being an essential nutrient for plant growth, participating
in the synthesis and metabolism of plant carbohydrates and proteins, promoting plant
growth, and ultimately increasing eggplant biomass. Cd contents in eggplant roots, stems,
and leaves were higher under the no P fertilizer treatment in this experiment, representing
the plant’s greatest exposure to the toxic effects of Cd (Figure 2). Application of P fertilizer,
especially at the P3 level with DCP, significantly reduced Cd content in all parts of the
eggplant seedling, indicating that P application had a notable effect on alleviating Cd
toxicity. This aligns with the findings of previous research by some scholars [11-14,26].
Previous studies have highlighted that P exhibits tolerance and physiological responses
to Cd in mangrove forests under Cd stress, leading to the accumulation of most Cd in
mangrove roots. The addition of P induces the immobilization of Cd in mangrove roots [39].
Moreover, studies suggest that P addition can mitigate the mechanistic effects of Cd
toxicity on ryegrass roots and reduce the leaching of Cd from contaminated soil [40]. The
bioconcentration factors of Cd without P application and translocation factors were higher,
while the bioconcentration and translocation factors of eggplant parts gradually decreased
after the application of P fertilizer, which could enrich more Cd in the roots and reduce the
migration of Cd to the aboveground parts (Table 1). This is because the application of P
fertilizer promotes the formation of precipitation between P and Cd, and the Cd content
absorbed and accumulated in eggplant roots and aboveground is reduced, and insoluble P
precipitation occurs in the root cell wall, vesicles, etc., which prevents upward transport
of Cd, and further reduces the possibility of enrichment and transport of Cd in eggplant
tissues to aboveground parts [15].

4.2. Effect of P Application under Cd Stress on the Subcellular Distribution and Chemical
Morphology of Cd in Eggplants

Selective regional distribution of heavy metal contaminants at the subcellular level
may partially alleviate their toxic effects on organisms [41,42]. The plant cell wall serves
as the primary barrier preventing Cd?* transport from the external environment into the
plant cell, and it is also the initial storage site for Cd [43]. The negatively charged surface
of the cell wall interacts with positively charged Cd?*, facilitating the complexation of Cd
on the cell wall and diminishing Cd’s entry into the cell [44,45]. The soluble portion of
the cell primarily comprises cytoplasm and vesicles, which serve as the primary organs
for Cd accumulation [46]. The vesicles contain a significant amount of sulfur-rich states
and organic acids capable of chelating and sequestering Cd to prevent damage caused
by the heavy metal to the organelles [47]. Higher levels of free Cd?* in the cell walls and
soluble fraction of the plants and the cell walls and the soluble fractions of eggplant roots,
stems, and leaves were more influenced by Cd toxicity in the absence of P treatments
(Figure 3). Previous studies have shown that barley complexes a significant amount of
Cd in the soluble fraction or stores it in the cell wall when exposed to Cd stress, thereby
reducing Cd damage to organelles [48,49]. The present study aligns with these findings. In
this study, it was observed that the Cd content of the organelles was lower than that of the
cell wall and the soluble fraction of the cells under no P treatment. The application of P
fertilizer resulted in a reduction in Cd content in subcellular fractions across all parts of
eggplant. Following the entry of Cd into the plant, P demonstrated the ability to restrict
Cd mobility by promoting the formation of insoluble Cd-P complexes in the vesicles
along with pectate/protein integrated Cd in the cell wall [50]. This process inhibited Cd
uptake by subcellular fractions in all parts of the eggplant [51]. Studies have demonstrated
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that two types of vegetable hearts in Cd-contaminated environments can mitigate the
subcellular distribution of Cd and reduce the risk of Cd pollution in the food chain through
the application of P fertilizer [18]. The application of P fertilizer altered the distribution
proportion of Cd in subcellular fractions (Figure 4). The proportion of Cd increased in the
eggplant cell wall and soluble fraction, while decreasing in organelles. Other researchers
demonstrated that applying P fertilizer in a high-Cd pollution environment increased the
proportion of Cd in the cell walls of rice roots and shoots, indicating a detoxifying effect
of P on rice organelles [52]. The allocation proportion of Cd in eggplant root and shoot
organelles was significantly lower than that in roots, rendering Cd less toxic to stems and
leaves than to roots. P and Cd formed metal chelates in the plant’s cell wall, reducing the
long-distance transport of Cd?* in the xylem and limiting its mobility to the aboveground
parts of the plant [53]. Reduction in the Cd content of subcellular fractions in various parts
of eggplant with the most significant change in the distribution proportion was observed
when DCP was applied at the P3 level in this study.

Cd in eggplant exists in various chemical morphologies in the roots, and these different
morphologies can influence the activities, toxicity, migratory capacity, and ease of substrate
separation of cadmium [54]. Generally, Cd in plants is predominantly found in the form of
Fnact- Fnacr is the form in which Cd binds to proteins, and Cd exhibits a strong affinity
for sulfur groups in proteins or other organic compounds. This interaction can interfere
with enzyme activity and impact normal crop growth and development [55]. Fg exhibited
higher migratory and toxic properties. Organic acid salts of Fyy and M(H;POy); could
form chelates with Cd at the binding sites on the surface of the protoplast membrane,
thereby limiting the migratory properties of Cd in eggplant. Fyjac represents the form in
which Cd binds to MHPOy, and the adsorption of Cd by P species reduces the amount of
Cd in the active state, decreasing Cd mobility within the plant. Cd exhibits the weakest
migratory activity and toxicity in Frycp and Fg [56]. In this study, under no P treatment, the
extraction state of Cd in the roots showed Fn,c1 > Faac > Fw > Fycp > Fg > Fr (Table 2),
and the application of P fertilizer changed the chemical morphology of Cd in the roots of
eggplants, in which Fg and Fyy,cj, which have high migratory activity, were decreasing,
and their percentage was also decreasing (Figure 5). Previous studies have shown that the
application of P fertilizer enhances the ability of phosphate to bind to Cd in plants, leading
to a gradual increase in Fyy and an increase in the weaker migratory activities of Fyac,
Fricy, and Fr. These findings align with the results of the present study [57].

4.3. Mechanisms of Applying Different P Fertilizers to Mitigate Cd Pollution

The application of different P fertilizers can alter the soil pH (Figure S1) and diminish
the effectiveness of soil Cd. Previous studies have explored the immobilization of Cd-
contaminated soil through the application of SSP and DAP. The use of SSP and DAP can
lower the pH value of the soil, subsequently decreasing the migration and dissolution of
Cd in the soil [58]. However, this study was conducted in calcareous soil, which is alkaline.
The NH** and H,PO,%~ present in MAP and DAP form complexes with metal cations like
Mn?*, Mg?*, and Ca?* in calcareous soil, for example, CaHPO, or Caz(PO,), precipitates.
This complexation reduces the adsorption sites of effective ions in MAP and DAP for
Cd?*, thereby weakening the efficacy of Cd pollution treatment through the application
of MAP and DAP in this study. The aqueous solution of SSP is acidic. When applied, it
neutralized the calcareous soil in this study, diminishing the effectiveness of SSP in limiting
Cd. Numerous studies have demonstrated that PO4>~ is readily immobilized in calcareous
soil, consequently diminishing fertilizer effectiveness. However, Ca®* also has a significant
effect on the fixation of cadmium [59]. The DCP aqueous solution, with its weak alkalinity,
can increase soil pH (Figure S1), enhancing the negative charge on the surface of clay
minerals, hydrated oxides, and organic matter, consequently improving their adsorption
capacity for heavy metals. Research indicates a significant negative correlation between
pH value and cadmium availability. With increasing pH, cadmium availability in the soil
decreases, resulting in reduced cadmium uptake by plants [60,61]. Cadmium exhibits the
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lowest effectiveness in soil due to its high Ca?* content and pH. Thus, in this study, the
application of DCP had the most pronounced effect on P3 levels.

5. Conclusions

Application of different types and levels of P fertilizers to calcareous Cd-contaminated
soils increased above- and belowground biomass and decreased Cd contents in all parts
of eggplant during the seedling stage. P fertilizer application influenced the subcellular
distribution of Cd, leading to a gradual increase in the proportion of Cd in the cell wall
and cell soluble fractions, along with a gradual decrease in the proportion of Cd in the
organelles. Additionally, it further altered the chemical morphology of Cd in the roots
of eggplant seedlings. In this study, the most significant effect of DCP application was
its reducing the damage of Cd pollution to all parts of eggplant at the seedling stage.
Moreover, the reduction in Cd toxicity was more obvious with higher P fertilizer application.
Therefore, the application of 0.35 g kg~ of DCP in calcareous soil had the greatest effect
on the subcellular distribution and chemical morphology of Cd in eggplant, which could
effectively reduce the toxic effects of Cd pollution on plants.

6. Prospects

This study constituted preliminary research and had several shortcomings such that
further exploration is needed:

(1) Only the chemical morphology of cadmium in roots was investigated; the chemical
morphology in stems and leaves during the seedling stage remained unstudied.

(2) The study focused solely on the seedling stage of eggplant and lacked a systematic
examination of the mature stage, thus presenting limitations in the exploration.

(3) Further investigation of the mechanism by which phosphorus fertilizer mitigates
cadmium toxicity is warranted.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy14050932/s1, Figure S1: Soil pH of different P fertilizers applied.
A, B, C, and D represent significant differences between types at the same level of P fertilizer, while
a, b, ¢, and d represent significant differences between levels of the same P fertilizer type. T and
L indicate the significance levels of two-factor ANOVA for P fertilizer type and P fertilizer level,
respectively. *** p < 0.05.
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