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HIGHLIGHTS GRAPHICAL ABSTRACT

e Three ecotype Solanum nigrum L.
showed Cd hyperaccumulation
e Suqian ecotype S. nigrum showed the
strongest Cd enrichment capacity
e Biomass of Suqgian ecotype was the
highest either and with stronger
tolerance
e Strong tolerance positively correlated to
some physiological traits. 12

Sugian S. nigrum has stronger
hyperaccumulator ability

Translocation

The Cd concentration of Sugian S. nigrum s
19.2% and 61.2% higher than that of Harbin
and Qingdao S. nigrum, respectively.

ARTICLE INFO ABSTRACT

Editor: Baoliang Chen Solanum nigrum L. has attracted scientific interest due to its capacity to accumulate exceptionally high cadmium
(Cd) concentrations. Previous studies, which utilized different S. nigrum ecotypes reported varying levels of

Keywords: phytoremediation potentials for Cd pollution. However, due to differing experimental conditions, identifying the

Solanum nigrum L. ecotype with the highest remediation potential has been challenging. The present article describes experiment

Eﬁﬁm involving nutrient solutions with two Cd concentrations [0.2 mg L™ Cd (T1), and 5 mg L ™! Cd (T2)] to compare

Cd accumulation differences in three S. nigrum ecotypes. The results showed that Cd accumulation was highest in
the Suqian (SQ) ecotype, followed by Harbin (HRB) and Qingdao (QD) ecotypes. Cd concentrations in the roots,
stems, leaves, and shoots of SQ were significantly increased by 31.0 %, 61.4 %, 29.1 %, and 43.1 %, respectively,
in T1, and by 54.8 %, 57.6 %, 59.2 %, and 61.2 %, respectively, in T2 compared to QD. Correspondingly, Cd
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accumulation capacity (ug plant™!) in SQ shoots were also the highest, and increased significantly by 95.2 %
compared to QD under T2 conditions, respectively, indicating its very high phytoremediation potential. Notably,
the biomass of the SQ ecotype was also the highest in all treatments. Moreover, this ecotype demonstrated higher
chlorophyll a and b, carotenoid contents, net photosynthetic rate, transpiration rate, stomatal conductance, SOD
activity, and the lowest MDA content. These physiological characteristics may have contributed to the higher
stress tolerance of the SQ ecotype. The present findings provide valuable insights for identifying and screening
S. nigrum ecotypes with hyperaccumulate Cd accumulation potential worldwide.

1. Introduction

Heavy metals have long been a major contributor to soil contami-
nation, posing serious threats to food safety and human health (Zhou
et al., 2020). This issue has emerged as a critical environmental concern
affecting China's social and economic development. Cadmium (Cd), a
non-essential and toxic element for plants and animals, is of particular
concern (Chen et al., 2014). According to the National Soil Pollution
Survey Bulletin released by the Ministry of Environmental Protection
and the Ministry of Land and Resources of China in 2014, the overall soil
contamination rate in the country was 16.1 %, with inorganic pollutants
being the main contaminants. Among them, Cd reached a point ex-
ceedance rate of 7.0 %, making it one of the most common soil pollut-
ants. Consequently, the treatment and reclamation of Cd-contaminated
soil is an urgent issue. Land resources are essential to various human
activities, and the deterioration of soil quality due to heavy metal
contamination can have far-reaching implications for human develop-
ment (Ma et al., 2020; Liu et al., 2023). Compared to physical and
chemical methods of remediating heavy metal-contaminated soil, phy-
toremediation, primarily utilizing hyperaccumulators, offers several
advantages. These include lower remediation costs, minimal environ-
mental disturbance, and suitability for large-scale remediation of heavy
metal-contaminated sites (Yang et al., 2019a, 2019b). However, despite
these advantages, current phytoremediation methods remain insuffi-
cient to achieve optimal results. Therefore, it is necessary to identify
hyperaccumulators with enhanced remediation efficiency and higher
environmental adaptability.

Solanum nigrum L. is a Cd hyperaccumulator, first identified and
described by Wei et al. (2005) in the Shenyang area of China. The most
important feature of hyperaccumulators is their accumulation threshold
of specific elements, which for Cd is 100 mg kg*1 (Reeves et al., 2000).
Other defining characteristics include the enrichment factor (EF, the
ratio of Cd concentration in shoots compared to soil) and translocation
factor (TF, the ratio of Cd concentration in shoots compared to roots)
values higher than 1. At the same time, the biomass of a hyper-
accumulator should remain unaffected by heavy metal contamination
compared to control without Cd pollution (Wei et al., 2005).

Cd extraction capacities of S. nigrum ecotypes distributed in different
regions worldwide have been determined in many studies. For instance,
Fidalgo et al. (2011) conducted a Cd pot experiment using S. nigrum
seeds collected from the vicinity of the University of Porto campus in
Portugal. At Cd concentration in the nutrient solution of 0.84-3.36 mg
kg1, Cd content in S. nigrum shoots was approximately 100-370 mg
kg1, with EF values ranging from 101.1 to 220.2. Du and Wang (2012)
conducted experiments on S. nigrum collected from mountainous areas
in Linhai City, Zhejiang Province, China. When Cd was added to the soil
at concentrations of 25-100 mg kg7, the levels of this heavy metal in
the roots and shoots of S. nigrum under natural light ranged from 8.93 to
28.57 mg kg ! and 18.28 to 58.15 mg kg !, respectively; the EF and TF
values were in the range of 0.58-0.76 and 1.97-2.09, respectively (Du
and Wang, 2012). Liu et al. (2013) conducted a pot experiment using
S. nigrum transplanted from Nanshanlizhi Park in Shenzhen city,
Guangdong province to promote Cd enrichment by Proteobacteria. At a
Cd soil concentration of 50 mg kg ™}, its root and shoot levels amounted
to 122.7 and 82.6 mg kg, respectively, with EF and TF values of 2.45
and 0.67, respectively. Khan et al. (2014) evaluated the Cd enrichment

potential of a Korean ecotype of S. nigrum collected from Daegu, South
Korea. When Cd concentrations of 10-80 mg kg~! were applied by these
authors to the soil, Cd root, stem and leaf contents in S. nigrum plants
were from 120.49 to 3162.83 mg kg'. The EF values ranged from 347 to
1883, while the TF values varied between 0.49 and 0.92 (Khan et al.,
2014). Obviously, there were very huge differences among different
S. nigrum ecotypes accumulating Cd under different experimental
situations.

It is expected that different S. nigrum ecotypes from various regions
will show similar characteristics in terms of Cd enrichment. However,
due to variations in Cd concentrations in individual contaminated
media, the differences in Cd accumulation among these ecotypes can
vary significantly, sometimes by several or even tens of orders of
magnitude. Thus, it is very important to compare the Cd accumulation
capacity of different S. nigrum ecotypes under the same pollution con-
ditions. This experiment was designed to compare differences in Cd
accumulation and corresponding physiological characteristics of three
different S. nigrum ecotypes collected from different areas of China. We
hypothesized that there may be significant differences in Cd accumu-
lation and some physiological indices among three S. nigrum ecotypes
under consistent experimental situations.

2. Materials and methods
2.1. Hydroponic experiment

The seeds of S. nigrum ecotypes used in this experiment were
collected from the wild in areas located in northern, central, and
southern China, i.e., Harbin (HRB) in Heilongjiang province, Qingdao
(QD) in Shandong province and Suqian (SQ) in Jiangsu province. The
three ecotypes were selected because of roughly representing the wide
geographical situations of China from north to south.

A total of 9 treatments (3 Cd treatments x 3 ecotypes) were estab-
lished. Each pot was filled with 2.5 1 of Hoagland nutrient solution, and
three different Cd concentration treatments were tested in triplicate the
experiment: a control without Cd addition (CK), 0.2 mg L'cd (T1), and
5 mg L1 cd (T2). T1, the addition of 0.2 mg L' Cd aimed to show
normal growth of S. nigrum, especially without decreased biomass. T2,
the addition of 5 mg L™! Cd aimed to show inhibited growth of S. nigrum,
especially with decreased biomass (Dai et al., 2022a). Cd was added in
the form of the Guaranteed reagent (G.R.), i.e. CdCl; 2.5 H,0. Large,
pest-free S. nigrum seeds were selected and disinfected with 0.1 % HgCl,
for 10 min. The plants were cultivated under greenhouse conditions.
After 15 days of sprouting, 12 evenly growing seedlings were retained in
each pot. Following 14 days of hydroponic cultivation, Cd treatments
were applied, and all plant samples were collected after additional 14
days of exposure. During this period, the nutrient solution in each pot
was changed every two days and continuously aerated. Conditions in the
greenhouse were maintained at temperatures of 20-30 °C, relative hu-
midity of 50-70 %, a 10-h photoperiod, and an illumination intensity of
20,000 Lux.

2.2. Hoagland nutrient solution

The hydroponic experiment was conducted using a modified Hoag-
land nutrient solution with the following composition (per liter of



Y. Zhang et al.

working solution):

Macronutrients: Ca(NOs)2-4H20: 2 mM, KNOs: 1 mM, NHsH2PO4: 0.5
mM, MgS04-7H20: 1 mM.

Micronutrients: HsBOs: 2.86 mg L’l, MnCl>-4H20: 1.81 mg L’l,
ZnS04-7H20: 0.22 mg L™, CuSO.-5H:0: 0.08 mg L™, NazMoOa-2H:O:
0.09 mg L.

Iron Chelate: Fe-EDTA: 74.5 mg L™,

The pH of the nutrient solution was adjusted to 5.8 using 0.1 M
NaOH or 0.1 M HCl. All chemicals were of analytical grade, and
deionized water was used for preparation.

2.3. Biomass and Cd concentration measurements

Samples of S. nigrum were collected and rinsed repeatedly with
deionized water, then blotted dry with filter paper. The roots, stems and
leaves were separated and initially heated in a drying oven at 105 °C for
5 min. The samples were then dried at 80 °C until constant weight was
achieved. The dry weight of the roots and shoots (stems and leaves) was
determined using a 0.001 g precision balance. About half stems and

Science of the Total Environment 989 (2025) 179885

leaves were mixed to determine shoot Cd concentration (Dai et al.,
2022b).

The concentration of Cd in the roots, stems, leaves and shoots of
S. nigrum was determined using an atomic absorption spectrophotom-
eter (Hitachi 180-80). For quality assurance and quality control (QA/
QQ), the standard reference material GBW07405 (GSS-5) was used to
verify the measured values. The EF was calculated as the ratio of Cd
concentration in the shoot to that in the solution, while the TF was the
ratio of Cd concentration in the shoot to that in the root (Dai et al.,
2021).

2.4. Determination of physiological indices

The contents of Chl a, Chl b and Car in the 5th fully unfolded leaf of
S. nigrum were determined using the methods described by Niu et al.
(2015).

The net photosynthetic rate, transpiration rate and stomatal
conductance were measured in the 5th fully unfolded S. nigrum leaves
using a CI-340 portable photosynthetic instrument (CID, USA).

A

aA

aA

bA

bB

7| cBeAcB |-

90 1
o
- 80 4
o0
)
= 70 A
.8
=
ot
g 60 A
Q
2
S 50 1
3
40
30 A
20 A
10 :
cBeACB |- ] cheach |
0 ; :
CK Tl T2|CK Ti
Root Stem
250 -
5 B CHRB
Q
& BHSQ
=200 A F QD
[}
g
=
.2
150 A
&3}
100 A
50
bB DA
0

T1 T2

T2 |CK TI

T2 |CK T1 T2

Leaf Shoot

CIHRB
85Q

aA & QD

-

Translocation factor
N

0.4 -

0.0
T1 T2

Fig. 1. Cd concentration, enrichment factor and translocation factor of three ecotypes
(HRB:Harbin, SQ: SuQian, QD: QingDao, CK = control, T1 = 0.2 mg L™}, T2 = 5 mg L~'. Capital letters over the bars indicated significant differences (P < 0.05)
between different ecotypes of S. nigrum in same treatment and small letters indicated significant differences (P < 0.05) between different treatments of same ecotype.)
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Measurements were conducted from 8:00 to 10:00 am, following the
method described by Krause and Winter (2015).

Superoxide dismutase (SOD) determination was performed accord-
ing to the method of Gao et al. (Niu et al., 2015).

MDA content determination was carried out according to the
methods provided by Dai et al. (2017).

2.5. Data processing and statistical analysis

Microsoft Excel 2021 and SPSS 12.0 were used to process the data
and analyze the significance of differences, and SPSS 12.0 and Origin
2021 were used to analyze the data for correlation. Origin 2021 was
used for Pearson correlation analysis to assess the relationship between
Cd accumulation and physiological indices (Qiu et al., 2025). Means of
different treatments were compared using one-way ANOVA. For post
hoc test, Duncan's multiple comparison was performed and the signifi-
cance level was P < 0.05 based on the assumption of normal distribution
and homogeneity of variance (Ma, 1990; Yang et al., 2019a, 2019b).

3. Results

3.1. Differences in Cd accumulation characteristics of three S. nigrum
ecotypes

As shown in Fig. 1A, Cd concentrations ranged from 21.00 mg kg !
to 84.64 mg kg™ ! in the roots and leaves under T1 and T2 conditions.
Overall, Cd contents in the roots, stems, leaves and shoots were highest
in the SQ ecotype, followed by HRB, with QD showing the lowest con-
centrations. In treatment T1, Cd concentrations in the roots, stems,
leaves and shoots of SQ were significantly higher by 13.5 % and 31.0 %,
29.4 % and 61.4 %, 8.0 % and 29.1 %, 15.6 %, and 43.1 %, respectively,
compared to HRB and QD (P < 0.05). In treatment T2, Cd concentrations
in the roots, stems, leaves and shoots of SQ increased significantly by
21.7 % and 54.8 %, 29.4 % and 57.6 %, 17.1 % and 59.2 %, and 19.2 %
and 61.2 %, respectively (P < 0.05). Generally, the differences in Cd
concentrations were more pronounced with higher Cd concentrations in
nutrient solutions (T1, T2).

Fig. 1B illustrates the EF values of the three ecotypes. The trends
were similar to those observed for Cd concentrations in the shoots, with
the EF values ranging from 170.1 to 223.0 in T1, and 11.7 to 18.1 in T2.
As for the TF values of the three ecotypes, although all of them were >1
and no significant differences were observed among them in T1 treat-
ment, the TF of QD S. nigrum was significantly lower than that of HRB
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and SQ ecotypes in T2 treatment (Fig. 1C).

Fig. 2A presents the biomass of the three ecotypes. Compared to the
CKs, root and shoot biomasses in treatment T1 were not significantly
reduced (P < 0.05), while significant decreases were recorded in treat-
ment T2 (P < 0.05). Among the three ecotypes, the biomass of SQ was
the highest, followed by HRB and QD.

Fig. 2B shows the Cd accumulation capacity of the three ecotypes,
which were calculated as the product of Cd concentration and biomass.
In treatment T1, Cd accumulation capacity was the highest for SQ
shoots, significantly increasing by 47.7 % and 161.2 % compared to HRB
and QD, respectively (P < 0.05). In treatment T2, Cd content in SQ
shoots was also the highest, and increased significantly by 39.5 % and
95.2 % compared to HRB and QD, respectively (P < 0.05). Overall,
similar trends in root Cd accumulation capacity were observed under
both treatments T1 and T2.

3.2. Differences in physiological indices between three ecotypes

Table 1 shows the chlorophyll content in the leaves of individual
S. nigrum ecotypes. Generally, compared to the CKs, Chl a, Chl b and Car
contents in the three ecotypes were not markedly reduced under treat-
ment T1, but were significantly reduced in treatment T2 (P < 0.05).
Among the different ecotypes, SQ showed the highest chlorophyll con-
centrations. Under T1 treatment conditions, SQ had 13.2 % and 14.2 %

Table 1
Chlorophyll contents in the leaves of individual S. nigrum ecotypes.
Treatment HRB SQ QD
CK 1.30 + 0.02aAB 1.41 £ 0.12aA 1.26 + 0.02aB
Chlorophyll T1 1.21 + 0.04aB 1.37 £ 0.06aA 1.20 + 0.05aB
a
(mg kg’l) T2 0.99 + 0.08bB 1.14 + 0.03bA 0.77 £+ 0.05bC
CK 1.60 + 0.14aB 1.91 + 0.06aA 1.36 + 0.08aC
Chlorophyll T1 1.45 + 0.04aB 1.75 + 0.16aA 1.10 + 0.05bC
b
(mg kg’l) T2 0.84 + 0.08bB 1.05 + 0.04bA 0.62 £+ 0.11cC
CK 3.41 £ 0.14aB 3.73 £ 0.07aA 3.50 £+ 0.03aB
Carotenoid T1 3.23 + 0.07aAB 3.53 £ 0.03aA 2.93 + 0.27bB
(mg kg’l) T2 2.37 + 0.13bA 2.73 + 0.41bA 1.70 + 0.26¢B

Note:HRB:Harbin, SQ: SuQian, QD: QingDao, CK = control, T1 = 0.2 mg L, T2
= 5mg L. Capital letters indicated significant differences (P < 0.05) between
different ecotypes of S. nigrum in same treatment and small letters indicated
significant differences (P < 0.05) between different treatments of same ecotype.
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Fig. 2. Biomass and Cd accumulation capacity of three S. nigrum ecotypes

(HRB:Harbin, SQ: SuQian, QD: QingDao, CK = control, T1 = 0.2 mg L™}, T2 = 5 mg L~ '.Capital letters over the bars indicated significant differences (P < 0.05)
between different ecotypes of S. nigrum in same treatment and small letters indicated significant differences (P < 0.05) between different treatments of same ecotype.)
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higher Chl a content, 20.7 % and 51.9 % higher Chl b content, and 9.3 %
and 20.5 % higher Car content than HRB and QD, respectively. The
advantage of SQ was further extended under T2 treatment conditions: its
Chl a content was 15.2 % and 48.1 % higher than that of HRB and QD,
respectively, and its Chl b content was elevated by 25.0 % and 69.4 %,
while a significant increase of 15.2 % and 60.6 % in the Car content was
also realized.

Table 2 summarizes the photosynthetic performance, including net
photosynthetic rate (NR), transpiration rate (TR) and stomatal conduc-
tance (SC) in the leaves of the three ecotypes. Compared to the CKs, the
NR, TR and SC of the three ecotypes were not significantly decreased as a
result of treatment T1, but were significantly reduced under T2 condi-
tions (P < 0.05). Among the ecotypes, SQ had the highest NR, TR, and
SC, followed by HRB and QD.

Table 3 shows SOD antioxidant activity of in the leaves of the three
ecotypes. Overall, SOD activity of the three ecotypes was not signifi-
cantly decreased in treatment T1 but was markedly reduced in treatment
T2 (P < 0.05) compared to the CKs. The highest levels were observed in
the SQ ecotype, while the lowest were recorded for QD, with HRB dis-
playing intermediate values.

The MDA content in the stems and leaves of the three S. nigrum
ecotypes is presented in Fig. 3. Compared to the CKs, the MDA content of
all three ecotypes did not significantly decrease in treatment T1, while it
was significantly elevated under T2 conditions (P < 0.05). Generally, SQ
had the lowest MDA content, QD the highest, and HRB showed inter-
mediate levels.

3.3. Correlation analysis between Cd accumulation, biomass and
physiological indices

In generally, the results of Pearson's correlation analysis (Fig. 4)
revealed that Cd concentrations in the roots, stems, leaves and shoots
were significantly and negatively correlated with biomass and SOD ac-
tivity (P < 0.05), while showing significantly positive correlations with
MDA content (P < 0.05 and P < 0.01, respectively). Cd accumulation
capacity showed a significantly positive correlation with Cd concen-
trations (P < 0.05 and P < 0.001). Biomass was significantly and posi-
tively correlated with SOD activity, Chl a, b and Car contents, as well as
net photosynthetic rate, transpiration rate and stomatal conductance (P
< 0.01 or P < 0.001), while it showed a significantly negative correla-
tion with MDA contents (P < 0.01 or P < 0.001).

4. Discussion

In this experiment, Cd concentrations in the stems, leaves and shoots
of the HRB, QD and SQ ecotypes under T1 and T2 conditions did not
exceed 100 mg kg !, the threshold value for Cd hyperaccumulators
(Fig. 1A). This was primarily due to the relatively low Cd concentrations
in the nutrient solutions, which were set at 0.2 and 5 mg L™1. These
findings are consistent with results reported for S. nigrum ecotypes from
Shenyang and Hanzhong in China, Australia and Japan under different
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Table 3
SOD activity in the leaves of individual S. nigrum ecotypes (U mg ™).
Organ Treatment HRB SQ QD
Root CK 4.60 £+ 0.02aB 5.13 £ 0.02aA 3.58 £+ 0.02aC
T1 4.40 £+ 0.57aB 5.61 + 0.27aA 3.51 + 0.64aB
T2 2.66 + 0.28bB 2.98 + 0.02bA 1.94 £ 0.02bC
Stem CK 4.35 £+ 0.54aAB 4.64 £ 0.06aA 3.97 £ 0.01aB
T1 3.42 + 0.01aAB 4.35 £ 0.59aA 3.82 £ 0.17aB
T2 2.71 + 0.01bB 2.91 + 0.01bA 1.94 £+ 0.01bC
Leaf CK 5.73 £ 0.02aA 5.85 £ 0.07aA 4.70 £+ 0.16aB
T1 5.38 £+ 0.58aAB 6.10 £ 0.27aA 4.77 £ 0.01aB
T2 2.99 + 0.01bB 3.22 + 0.06bA 2.74 + 0.10bC

Note:HRB:Harbin, SQ: SuQian, QD: QingDao, CK = control, T1 = 0.2 mg L%, T2
= 5mg L. Capital letters indicated significant differences (P < 0.05) between
different ecotypes of S. nigrum in same treatment and small letters indicated
significant differences (P < 0.05) between different treatments of same ecotype.

Cd concentration gradients in contaminated soils (Wei et al., 2013; Dai
et al., 2022b). Although aboveground partial Cd levels did not reach the
hyperaccumulator plant threshold for all three ecotypes, EF values >1
were found for the HRB, QD and SQ ecotypes (Fig. 1B) (Wei et al., 2013;
Dai et al., 2022b). The TF values obtained for the HRB, QD and SQ
ecotypes were also all higher than 1 (Fig. 1C), suggests that it still has
some Cd transport capacity. In treatment T1, the root and shoot biomass
of the HRB, QD and SQ ecotypes were not significantly reduced
compared to the CKs (Fig. 2A), indicating strong Cd tolerance under
these conditions. All three ecotypes showed the fundamental charac-
teristics of Cd hyperaccumulators (Wei et al., 2005; Wei et al., 2013; Dai
et al., 2022b). In particular, its higher EF value indicated that the SQ
ecotype was able to effectively absorb Cd from the soil, while the TF
value >1 indicated that it was able to transport Cd from the roots to the
aboveground part. Therefore, the SQ ecotype still has some potential for
application in the remediation of Cd pollution. As shown in Fig. 2B, Cd
accumulation capacity in the shoots of the SQ ecotype were the highest
and increased by 161.2 % in T1 and 95.2 % in T2 compared to the lowest
values observed in the QD ecotype. This demonstrated that the phy-
toremediation potential of the SQ ecotype was higher, indicating the
necessity of expanding the screening for ecotypes with even greater Cd
accumulation potential in China. Previous studies have demonstrated
significant differences in Cd accumulation among Chinese ecotypes,
such as those from Shenyang and Hanzhong, as well as ecotypes from
Australia and Japan (Wei et al., 2013; Dai et al., 2022b). Therefore,
identifying S. nigrum ecotypes with higher Cd accumulation capacity on
a global scale seems feasible.

Photosynthesis is an important metabolic process in plants, in which
chlorophyll a and chlorophyll b are responsible for the absorption,
transfer and conversion of light energy, and their content indicates the
intensity of photosynthetic activity. Carotenoids, present in photosyn-
thetic tissues, absorb excess light energy to protect chlorophyll and
maintain photosynthesis. Pankovic¢ et al. (2000) showed that chloro-
phyll content of sunflower leaves decreased significantly under high Cd
stress, whereas lower Cd levels did not cause a significant reduction,

Table 2
Net photosynthetic rate, transpiration rate and stomatal conductance in S. nigrum leaves.
Treatment HRB SQ QD
Net photosynthetic rate (umol s~ m~2) CK 4.01 + 0.65aB 8.01 + 0.57aA 3.22 + 0.16aB
T1 3.77 £ 0.24aB 7.55 + 0.43aA 2.99 £ 0.09 aC
T2 2.49 + 0.30bB 4.03 + 0.34bA 1.78 + 0.66bC
Transpiration rate (pmol s~ m~2) CK 2.68 + 0.07aB 3.38 £ 0.14aA 1.27 + 0.19aC
T1 2.49 + 0.14aB 3.04 £+ 0.22aA 1.13 + 0.05aC
T2 1.27 £ 0.11bA 1.44 + 0.29bA 0.77 + 0.05bC
Stomatal conductance (pmol s'm? CK 32.37 + 1.90aA 33.55 + 3.31aA 27.46 + 1.64aB
T1 26.54 + 1.05bB 29.79 + 0.91aA 22.26 + 0.94bC
T2 17.69 £ 2.63cA 18.89 + 0.95bA 13.98 + 0.22cC

Note:HRB:Harbin, SQ: SuQian, QD: QingDao, CK = control, T1 = 0.2 mg L, T2=5 mg L. Capital letters indicated significant differences (P < 0.05) between
different ecotypes of S. nigrum in same treatment and small letters indicated significant differences (P < 0.05) between different treatments of same ecotype.
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Fig. 3. MDA contents in stems a leaves of three S. nigrum ecotypes
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indicating some level of tolerance. The changes in chlorophyll content in
this study were similar, and the SQ ecotype contained relatively the
highest content of chlorophyll pigments (Table 1). The effect of heavy
metals on photosynthesis was also reflected in such parameters as net
photosynthetic rate, which was reduced, possibly due to RuBP carbox-
ylation, photochemical activity, or inorganic phosphorus deficiency. He
et al. (2016) showed that under different Cd concentrations, the net
photosynthetic rate, transpiration rate and stomatal conductance of to-
bacco leaves remained unchanged at low Cd concentrations but were
significantly lower than the control under high Cd stress. Similar trends
were observed in this study, with the SQ ecotype showing the highest

values for these parameters (Table 2). In general, heavy metal stress
induces the production of reactive oxygen species (ROS) in plant cells,
and excessive ROS accumulation can result in protein denaturation,
enzyme inactivation, membrane lipid peroxidation, and even cell death.
The antioxidant enzyme system in plant cells, especially SOD, may play
a role in scavenging ROS, thereby mitigating the toxic effects of heavy
metals on plants (AbdElgawad et al., 2019). The SQ ecotype of S. nigrum
may mitigate Cd toxicity by enhancing antioxidant enzyme activity
(SOD). It has been shown that hyperaccumulating plants are able to
alleviate heavy metal stress by enhancing antioxidant capacity. It has
been shown that hyperaccumulated plants are able to mitigate heavy
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metal stress by improving antioxidant capacity, and Cd toxicity induces
excessive production of ROS, including HyO,, and leads to oxidative
stress in plants, which is a common phenomenon under Cd stress
(Sterckeman and Thomine, 2020). Cellular antioxidant enzymes are
usually stimulated to help plants resist oxidative damage by eliminating
ROS (Fasih et al., 2021). At the same time, their gene expression levels
and patterns are changed. Wang et al. (2024) found significant alter-
ations in 20 DEGs related to antioxidant enzyme genes, including SOD,
CAT and POD, by studying antioxidant enzyme activities and corre-
sponding genes in Lobelia under Cd stress.

In addition, heavy metal stress impairs cell membrane function and
permeability, and the oxidation of unsaturated fatty acids can lead to
MDA production (AbdElgawad et al., 2019). Cd exposure triggers the
generation of highly reactive free radicals in plants, resulting in mem-
brane lipid peroxidation. The extent of cellular damage and plant
resistance can be determined by measuring SOD activity and MDA
content. Peng (2019) reported that SOD activity of Amaranthus caudatus
seedlings was significantly reduced, while MDA content significantly
increased under high Cd conditions. Conversely, under low Cd levels,
the opposite trends were observed. The observed changes in SOD ac-
tivity and MDA content in the current study were consistent with pre-
vious findings, with the SQ ecotype showing the highest and lowest
values of these indicators, respectively (Table 2). These physiological
indicators appear to correlate with the plant's tolerance to Cd stress and
may reflect its overall ability to withstand heavy metal toxicity. Thus,
S. nigrum ecotypes with high Cd accumulation capacity may show
enhanced values of these physiological indicators. However, as this
study examined only three ecotypes of S. nigrum, further, more
comprehensive research is required.

The significant negative correlations were observed between Cd
concentrations (in root, stem, leaf and shoot) and biomass and SOD
activity (Fig. 4). The significant positive correlation was shown between
Cd concentrations and MDA contents either (Fig. 4). However, there
were seldom direct evidences in physiological or molecular mechanisms
fully explaining these relationships. In particular, the SQ ecotype
reached the highest biomass among the three ecotypes of S. nigrum
(Fig. 2A), while also showing the highest Cd concentrations in roots,
stems, leaves and shoots (Fig. 1A). These findings suggest that differ-
ences in Cd accumulation between individual S. nigrum ecotypes were
not directly related to biomass. Instead, Cd tolerance appears to be
associated with physiological indicators such as Chl a, b and Car con-
tents, net photosynthetic rate, transpiration rate, stomatal conductance,
SOD activity and MDA content, which collectively reflect the plants'
tolerance to Cd stress just like the discussions above. In another word,
these indicators together reflected the tolerance differences of three
ecotypes to Cd stress.

In soil pot experiment, plant enrichment of Cd is usually positively
correlated with the extractable Cd content and negatively correlated
with soil pH (Rehman et al., 2017). However, the present study used a
nutrient incubation experiment in which the extractable Cd content and
pH were basically maintained at consistent levels for all the experi-
mental treatments. Differences in physiological characteristics of
different S. nigrum ecotypes may originate from plant evolution and
adaptation to the environment resulting from their long-term growth in
heterogeneous habitats. In fact, the concept of ecotype mainly refers to
individuals or populations of the same plant species that have long-term
growth in different growth environments and have ecological differ-
ences due to divergent adaptation (Luo, 2001). S. nigrum grown in
different regions have significant differences in environmental condi-
tions such as climate, soil and light just like in Haerbin, Qingdao and
Suqian cities, and thus named different S. nigrum ecotypes (HRB, QD and
SQ ecotypes) in this experiment. Previous studies have shown that Cd is
a phytotoxic metal contaminant that induces ROS release and inhibits
plant growth. Plants may improve their tolerance through complex re-
actions involving antioxidant mechanisms, compartmentalization of Cd
within the cell wall or vesicles, which might be part reasons of the Cd
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accumulation and physiological characteristics were different among
HRB, QD and SQ ecotypes (Zhang et al., 2019; Sun et al., 2020). How-
ever, high expression of metal transporter proteins such as SatNRAMP6
and IRT1 were also concerned on Cd hyperaccumulation in different
plants (Chen et al., 2017; Ye et al., 2020). Thus, the difference mecha-
nisms of Cd enrichment among different S. nigrum ecotypes might be
explored from molecular biology levels in the future.

5. Conclusions

The nutrient culture experiment revealed significant differences in
Cd accumulation between the three S. nigrum ecotypes under uniform
conditions. The SQ ecotype had the highest Cd concentrations in the
roots, stems, leaves, and shoots, as well as the greatest Cd accumulation
capacity in its roots and shoots. In addition, the root and shoot bio-
masses of the SQ ecotype were the highest. Significant positive and
negative correlations were observed regarding S. nigrum tolerance to Cd.
Overall, the SQ ecotype showed the highest levels of chlorophyll a,
chlorophyll b, and carotenoid contents, net photosynthetic rate, tran-
spiration rate, stomatal conductance, and SOD activity, while main-
taining the lowest MDA content in all treatments. The present findings
suggest that these physiological indicators may be key characteristics of
its Cd tolerance.
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