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Abstract: Phytoremediation with hyperaccumulator plants has been recognized as a potential way
for the clearing of cadmium (Cd)-contaminated soil. In this study, hyperaccumulator Tagetes patula
was treated with seven concentrations of Cd, ranging from 0 to 300 mg kg~!. The Cd enrichment and
nutrient contents in different organs during different growth phases were investigated. Under Cd con-
centrations <75 mg kg'l, the morphological growth of T. patula did not change significantly regardless
of growth stage. However, when Cd concentration exceeded 150 mg kg~!, the morphological growth
was remarkedly inhibited. The root/shoot ratio remained unchanged except for at 300 mg kg~ !.
In addition, Cd negatively influenced the flowering process at the concentration of 300 mg kg~
Cd content increased significantly in Cd-treated plants. Nitrogen absorption was increased under
Cd treatments, and phosphorus content was also increased under concentration <150 mg-kg ™.
However, the potassium content in the flower was decreased under 300 mg kg~!. Furthermore, the
contents of H,O,, O*~ and malondialdehyde were increased during the seedling phase, especially
when Cd concentration was >150 mg kg~!. In summary, T. patula showed a strong ability to tolerate
Cd, and such ability might be explained by nutrient absorption and reactive oxygen clearness.

Keywords: cadmium distribution; flowering; hyperaccumulator; nutrient absorption; oxidative injury

1. Introduction

Cadmium (Cd), as one of the toxic heavy metals, has posed a great threat to human
health via its uptake, transfer and accumulation in crops. The annual discharge load of Cd
around the world was about 1.0 x 10° t [1]. According to the Chinese Contaminated Soil
Report released in 2014, Cd was also the main heavy metal element in the contaminated
soil in China, and the over-standard rate of heavy metal in the soil around China was
16.1%, which resulted in the annual contamination of 1200 tons of grains and an estimated
annual financial loss of USD 20 billion. The rice cultivated areas in the Northeast Plain
of China, the Yangtze River Basin and the southeast coastal region were 5.16 x 10° ha,
1.89 x 107 ha and 4.96 x 10° ha, respectively [2,3]. Additionally, the corresponding rice
yields were 3.76 x 107 t, 1.36 x 108 t and 3.04 x 10 t, respectively. Liangshan region located
in Southwest Sichuan Province, China, is abundant in mineral resources. However, with the
rapid development in mining and metallurgy industries in this region, a mass of industrial
residues were disposed of into the soils, resulting in severe pollution in the environment [4].
In 34% of the 109 monitoring stations, the Cd content in the soil has largely exceeded the
standard rate, which gave rise to high ecological risk of these points [5]. Therefore, a proper
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approach to the remediation of the Cd-contaminated soil in the aforementioned regions is
in urgent need.

Phytoremediation is an approach of using metal-accumulating plants to extract haz-
ardous metals from contaminated soils. Compared to the physical and chemical remedi-
ation methods, phytoremediation has been recognized as a potential way for large-scale
practice because it is environmentally friendly and cost-effective [6-8]. However, a number
of plants cannot grow normally in a heavy-metal-contaminated environment, and the
seeking of a certain plant species that has strong heavy metal resistance is a necessary
precondition for the development of phytoremediation. There are about 570 species of
plants that are metal hyperaccumulators worldwide, and the number is still increasing as
more research findings are updated [9]. To date, 139 plant species of metal hyperaccumula-
tors have been discovered in Sichuan Province; these plant species belong to 48 families
and 117 genera. However, only 40 plant species are Cd hyperaccumulators [10]. In recent
years, the coordinated development between environment and economy has attracted
much more attention in China. Liangshan region is a tourist destination, attracting about
50 million tourists in 2019. Therefore, it is necessary to select a plant species that is a Cd
hyperaccumulator and has a certain ornamental value. In this way;, it can promote local
tourism while remediating Cd-contaminated areas.

Liangshan region has several ornamental plant species such as Schlumlergera truncate
K., Dianthus caryophyllus L., Capsicum annuum var., Plumbago auriculata L., Pentas lanceolata
K. and French marigold plant (Tagetes patula L.) that are suitable for attracting tourists, and
these flowers also have good economic value. However, based on our preliminary research
results on heavy metal accumulation for these plants, only T. patula could grow well in Cd-
contaminated soil and exhibit a better Cd accumulation capacity. Although several studies
have tried to explore the mechanism of hyperaccumulator T. patula in response to soil Cd
contamination through the investigation of Cd and nutrient distribution and physiological
changes [11-13], their results were still limited to illuminating the mechanism of T. patula
L. on the Cd accumulation since those studies mostly focused on a certain growth period
or organs, or the cadmium concentration used was particularly low (<100 mg-kg~'). T.
patula, as an important ornamental species, has three different growth stages within a
growing season: seedling, flowering and fructification stages. In addition, previous studies
demonstrated that Cd accumulations are highly differentiated among plant organs [14].
However, studies on Cd accumulation in different growth stages and organs of T. patula
are still lacking, which strongly limited the understanding of its mechanism of tolerance to
Cd stress. Furthermore, the response of T. patula to excessive Cd, 2-3 times or even higher
than the previous Cd pollution, in the environment and its resistance ability were rarely
explored, and these factors are especially important when stronger anthropogenic activity
and more natural resource mining are expected in the future. Thus, it is necessary to reveal
how high Cd concentration influences plant growth and flowering. Therefore, in this study,
T. patula plants were exposed to soil Cd treatment with a series of Cd concentrations, and
the Cd accumulation and nutrient absorption in different organs (roots, stems, leaves and
flowers) of T. patula in three growth stages were determined. The results of this research
will help to better understand the underlying mechanism of T. patula in response to soil Cd
stress and to provide fundamental information to support the phytoremediation application
of T. patula on Cd-contaminated soil.

2. Materials and Methods
2.1. Growth Conditions

The experiment was carried out in a greenhouse at the Experimental Base of Liangshan
Forestry Science Research Institute, Xichang City, Liangshan Yi Autonomous Prefecture,
Sichuan Province. The geographical location is 102°18'44” E, 27°53/17" N, with an altitude
of 1536 m. This area belongs to the subtropical plateau monsoon climate zone. The annual
average temperature is 17.5 °C, the annual average relative humidity is 61%, the annual
average precipitation is about 1100 mm, the number of annual total sunshine hours is about
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2560 h, the frost-free period is about 306 days and the greenhouse light transmittance is
80%.

2.2. Plant Material

The plant Tagetes patula L., with orange color, is an annual Asteraceae herb, with
upright stems, oblique branches, pinnate leaves, single main stem and branch tips. The
seeds were purchased from a local gardening company. The thousand seed weight is 3.0 g.
After the seeds germinated, they were planted in seedling trays. When the seedlings had
2 pairs of semitrue leaves, the seedlings were separated. The planting containers were
polyethylene plastic pots with a top diameter of 18 cm, bottom diameter of 13 cm and
height of 15 cm. The cultivation soil was obtained from local farming land (top 30 cm). The
soil was air-dried and finely ground, sieved through a 5 mm grid and then loaded into pots
with a quantity of 1.5 kg (dry soil) per pot. The chemical properties are shown in Table 1.

Table 1. The background values of nutrient elements, organic matter and electric conductivity (EC).

Organic Macronutrients (mg-kg~1) Micronutrients (mg-kg~1) E

Matter cem-1 H
(%) N P K Ca Mg S Cd Zn Fe B Mo Mn Cu (mS-em™) P
2.38 + 79.62 + 161.48 261.47 212.6 + 19.06 + 1.84 + 0.85 + 0.81 + 812+ 0.33 + 145+ 232+ 138 + 251+ 6.0 +
0.25 1.49 +11.74 +1891 16.55 251 0.49 0.12 0.18 1.22 0.09 0.33 0.51 0.26 0.73 0.41

Mean + SD, n = 3.

2.3. Experimental Design

This experiment was carried out with a randomized block design. According to
previous research reports, the Cd tolerance threshold of marigold is 75-150 mg-kg ! [15-17].
In order to fully explore the response of marigold to different intensities of Cd stress, seven
concentrations of Cd solution were set: 7.5, 15, 30, 75, 150, 225 and 300 mg‘kg_l, denoted
L7.5 to L300. The method for Cd addition was as follows: dissolving the required quantity
of CdCl,-2.5H,0 was dissolved in 100 mL distilled water, which was evenly watered into
the corresponding plastic basin [18]. The seeped solution was rewatered on the surface of
the soil until the Cd%* was evenly mixed with the soil. Plants under control treatment (CK)
were treated with the same volume of distilled water.

In January 2019, Cd solutions at different concentrations were applied to soil according
to the experimental design. One month (30 days) later, robust marigold seedlings (seedling
age 19 days) with the same plant height and stem thickness were transplanted into pots,
with 1 plant per pot and 100 repetitions per treatment. Among them, 10 pots of each
treatment were randomly selected for the dynamic observation of morphological indicators
and flowering process, and the remaining plants were used for the determination of
cadmium, active oxygen, malondialdehyde and nutrient content and the collection of seeds.
All treated plants were subjected to unified watering, weeding and other conventional
management. No fertilizers or pesticides were applied, and the soil solution that leaked
during watering was rewatered to the pot.

2.4. Measurement of Morphological Traits

When the seedlings were transplanted, the height and ground diameter were mea-
sured with a ruler (accuracy of 0.01 cm) and a vernier caliper (accuracy of 0.01 mm),
respectively. Similar measurement was carried out at the end of the experiment (122 days
after transplanting) as well. The differences between the two measured values were the
increases in plant height and ground diameter. The biomass and root/shoot ratio were
measured once during the plant’s vegetative growth period. The plant sample was washed
with tap water first and then washed with deionized water several times, and then it
was separated into roots, stems and leaves. The samples were dried in an oven at 105 °C
for 30 min, followed by 75 °C to dry to constant weight. Electronic balance (precision of
0.01 mg) was used to weigh the aboveground and underground biomass.
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2.5. Measurement of Inflorescence and Flowering Dynamics

Since the flowering period of marigold can last up to 70-110 days [19], in order to
determine the time of the full-bloom stage and the fruiting stage, according to the blooming
dynamics of a pilot experiment, we found that the full-bloom and fruiting stages were 53
and 108 days, respectively, after transplanting (data not shown here) [20,21]. The start of the
blooming of marigolds was the time when the orange tongue-shaped petals appeared in the
flower buds. The number of inflorescences was counted every 7 days during the blooming
period. The newly opened inflorescences of each of the 10 plants per treatment were listed
and numbered, and a vernier caliper (accuracy 0.01 cm) was used to continuously measure
the diameter changes to obtain the maximum inflorescence diameter (ISmax).

On basis of scatter plots appointing the accumulative flower number as the Y-axis
and the growth time as the X-axis, the logistic growth parabola was found optimal to
describe the flowering dynamics; precisely, the following mathematic model was applied

to marigold: y = —%—, where a, b and xy are constants and e is the natural log. Thus, a
I+e D
series of flowering parameters, including the maximum accumulative flower number per

plant (AFmax), the day the first flower appeared (Dyq) and the day the last flower appeared
(D1ast), could be obtained directly from the fitted equation or from its first-order derivative.

2.6. Measurement of Cd, Total N, Total P and Total K Content

In the seedling stage (30 days after transplantation), blooming stage (79 days after
transplantation) and fruiting stage (122 days after transplantation), 6 plants were randomly
collected in each treatment, washed with Nay-EDTA several times to remove ions attached
to the surface, then washed with deionized water and dried at 75 °C to constant weight [22].
The whole plant sample was divided into roots, stems and leaves in the seedling stage
or roots, stems, leaves and flowers in the blooming and fruiting stages. The dried roots,
stems, leaves and flowers of three of the six samples per treatment were ground through
a 1 mm sieve. The Cd content was determined in accordance with the National Food
Safety Standard GB5009.15-2014 of the People’s Republic of China, using the wet digestion
method and an atomic absorption spectrophotometer (AA6800 type, Shimadzu, Chengdu
of China). Samples containing high Cd content were diluted before measuring. The melting
temperature was 500 °C, the matrix modifier was palladium nitrate, the Cd measurement
relative standard deviation (RSD) was 0.67% and the average recovery rate of Cd measured
by the standard addition method was 97.43% [23]. The three remaining plant samples
(roots, stems, leaves and flowers) were pulverized and ground through a 1 mm sieve.
The determination of total N, total P and total K content was completed according to the
People’s Republic of China Forestry Standard LY /T 1271-1999, using H,SO4-HClOy to
boil to prepare the test solution. The total N was determined by the indophenol blue
colorimetry method, with an average recovery rate of 99.54%; the total P was determined
by the molybdenum blue method, with an average recovery rate of 98.05%; the total K was
determined by flame photometry in an atomic absorption spectrophotometer (AA6800,
Shimadzu, Chengdu of China), with an average recovery rate was 109.49%.

2.7. Measurement of ROS and MDA

In the seedling stage (30 days after transplanting), blooming stage (79 days after trans-
planting) and fruiting stage (122 days after transplanting), three plants were randomly
sampled for each treatment, and the 3rd and 4th leaves from the top fully expanded leaf
were collected and washed with deionized water for the determination of O,~, H,O, and
MDA content. The measurements of superoxide radicals (O,”) followed the method of
Chen [24]. Samples were reacted with 1 mL of hydroxylamine hydrochloride for 1 h, then
1 mL of p-aminobenzene sulphonic acid and 1 mL of a-naphthylamine were added, and
the solution was kept at 25 °C for 20 min. The mixture was measured under 530 nm using
NaNO; as the standard curve. The H,O, content was determined as a H,O, titanium
complex resulting from the reaction of tissue H,O, with titanium tetrachloride following
the method of Chen [24]. The H,O, concentration was measured when monitored at
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410 nm using a spectrophotometer. Absorbance values were calibrated with a standard
curve generated using known concentrations of HyO,. Malonaldehyde (MDA), as a lipid
peroxidation marker, was determined by using the methods of Fang [25]; the MDA concen-
tration was nmol~g’1, and A532, A600 and A450 were absorbance values at 532, 600 and
450 nm, respectively.

2.8. Statistics

The data were analyzed by SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). When
performing a one-way analysis of variance of each index among Cd concentrations or
among organs, the normality of the data distribution was tested by the Shapiro-Wilk test,
and the homogeneity of variance was tested by Levene’s test. The effect of Cd on height,
basal diameter, biomass and root/shoot ratio and differences in the content of Cd, N, P
and K among different Cd concentrations within the same growth stage and organs were
tested with one-way ANOVA, followed by Fisher’s least significant difference (LSD) post
hoc multiple comparisons. Generalized linear models (GLMs) using linear distribution and
identity link functions were used to analyze the effects of Cd, growth stage, organs and
their interaction on Cd distribution and nitrogen (N), phosphorus (P) and potassium (K)
content. The effect of Cd stress and growth stage on malonaldehyde (MDA), H,O, and
O, content was also tested with GLMs, followed by LSD post hoc to test the differences
among groups. Significance level was a = 0.05. Microsoft Excel 2007 was used for table
design; SigmaPlot 12.0 (Systat Software Inc., California of USA) and Microsoft Excel 2007
were used for figure drawing, and the dynamic curve fitting program was used to fit the
flowering process.

3. Results
3.1. Effect of Cd Stress on Morphological Traits

Plant growth of T. patula was inhibited by Cd only under high concentrations
(>150 mg-kg~!) in the soil. Basal diameter was significantly reduced by Cd at the
concentration of 300 mg-kg~! (Figures 1 and 2a; one-way ANOVA, p < 0.001) compared
to CK, but plant height and root and shoot biomass were markedly decreased when
the concentration exceeded 150 mg-kg~! (Figure 2b-d; one-way ANOVA, p = 0.016 for
height, p = 0.012 for root biomass and p = 0.012 for shoot biomass). Root/shoot ratio
was not influenced by Cd within the tested concentration ranges (Figure 2e; one-way
ANOVA, p = 0.068).

3.2. Effect of Cd Stress on Flowering Traits

T. patula flowering was not significantly influenced by Cd except for treatments L.255
and L300. The maximum inflorescence size was significantly reduced at the concentration
of 300 mg-kg~! Cd?* compared to that of CK (Figure 3a; one-way ANOVA, p < 0.05). The
number of bloomed flowers was significantly reduced by Cd during the flowering process
(Figure 3b; repeated measurement ANOVA, p < 0.001), with 29% and 79% fewer flowers
observed for treatments L225 and L300, respectively, compared to CK.

To further evaluate the effect of Cd stress on the flowering process of T. patula, the
flowering dynamic characteristics of T. patula were fit with a mathematic model. As the
temporal distribution of bloomed flowers resembled a logistic curve after plotting all the
observations, this logistic model was used to fit the bloomed flowers and time for each
treatment. It showed that this model generated good fits for all treatments except for L300
(Table 2; logistic regression, p < 0.05 for CK-L225, p = 0.0613 for L300). The fitting results
showed that Cd stress did not obviously influence the first flowering date, but Cd stress
shortened the flowering period by 0.7-8.4 days compared to that of CK.
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Figure 1. Tagetes patula performance under different concentrations of Cd treatment on day 30.
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Figure 2. Effect of Cd stress on morphological traits of Tagetes patula. (a) Basal diameter increase and
(b) height increase were measured by subtracting the basal diameter and height from day 0 to day 122
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Maximum inflorescence size(cm)

after transplantation. (c) Root biomass and (d) shoot biomass were measured on day 122 after trans-
plantation. (e) Root/shoot ratio was based on the root/shoot biomass on day 122 after transplantation.
Each bar denotes the mean of 10 (for (a,b)) or 3 (for (c—e)) replicates, with standard error based on
means (MSE). Different letters indicate significant differences among Cd concentrations compared by
Fisher’s least significant differences (LSD) test at p < 0.05.
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Figure 3. Effect of Cd stress on flowering of Tagetes patula. (a) Maximum influence size and
(b) bloomed flowers were measured during the whole flowering phase. Each bar in (a) denotes the
mean of 10 replicates, with standard error based on means (MSE). Different letters indicate significant
differences among Cd concentrations within the same growth stage and organ compared by Fisher’s
least significant differences (LSD) test at p < 0.05. Each dot in (b) represents the mean of 10 replicates.

Table 2. Effects of Cd stress on flowering parameters of Tagetes patula.

Cd Frax Difipst Diaet D@ Maﬂ;::_laﬁ:tz()del Test Coefficient
Treatment (Flower/Plant)  (d) (D

a b X0 F p AJR? n
CK 20.52 44.63 108.57 63.94 20.52 11.65 76.6 526.14 <0.0001 0.93 80
L7.5 18.76 46.22 106.18 59.96 18.76 11.13 76.2 229.52 <0.0001 0.8526 80
L15 16.02 44.8 100.36 55.56 16.02  11.01 7258  164.61  <0.0001 0.8055 80
L30 18.48 45.82 109.04 63.22 18.48 12.38 77.43 385.27 <0.0001  0.9068 80
L70 17.16 46.12 101.7 55.58 17.16 10.42 7391 500.89 <0.0001  0.9268 80
L150 17.15 45.11 102.07 56.97 17.15 10.89 73.59 215.64 <0.0001  0.8446 80
L225 15.09 46.8 108.56 61.77 15.09 14.77 77.68 35.09 <0.0001  0.4632 80
L300 3.99 / / / 3.99 8.45 64.2 3.08 0.0613  0.1183 32

Finax = maximum flower amount per plant. Dy,; = first flower day, Dj,s = last flower day, FD = flowering period;
means £ SD for ISmax, 1 = 80 (except H2, n = 32, as six plants were dead during the exposure time), and the
lowercase letters within this column indicate the significance of differences between Cd concentrations (confidence
threshold a = 0.05).

3.3. Cd Distribution with Plant

The Cd content in T. patula was influenced by the concentration of Cd applied, plant
growth stage and organs. An overall increase in Cd content was observed with the increase
in the concentration of Cd applied (Figure 4; GLMs, p < 0.001 for treatments), regardless
of growth stage and organs. Cd contents differed considerably among growth stages
(GLMs, p < 0.001 for growth stage), with the following order on average: seedling phase >
fructification phase > flowering phase. Similarly, Cd contents varied dramatically among
different organs (GLMs, p < 0.001 for organs), with the following order: leaf > root > stem >
flower. The Cd contents in flowers were only around 1.84%, 2.05% and 2.57% of those in
leaf, root and stem, respectively. The Cd content in organs depended significantly on the
growth stage (GLMs, p < 0.001 for the interaction between growth stage and organs). Root
contained a relatively lower Cd content than stem did in the seedling phase but contained
a relatively higher Cd content in the flowering and fructification phases.
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Figure 4. Effect of Cd stress on Cd distribution in Tagetes patula. The leaf for the measurement of
Cd was sampled on days 30 (seedling phase), 79 (flowering phase) and 122 (fructification phase)
after transplantation. Each bar denotes the mean of 3 replicates, with standard error based on means
(MSE). Different letters indicate significant differences among Cd concentrations within the same
growth stage and organ compared by Fisher’s least significant differences (LSD) test at p < 0.05.

3.4. Effect of Cd Stress on Nutrient Distribution

In general, Cd significantly increased the N content in T. patula (Figure 5, GLMs,
p <0.001 for treatments). N content was dramatically influenced by the growth stage
(GLMs, p < 0.001 for growth stage), being highest in the seedling phase, followed by the
fructification phase, and lowest in the flowering phase. N content differed considerably
among organs as well (GLMs, p < 0.001 for organs), with the following order: leaf > flower
> stem > root. In roots, N content in Cd-treated T. patula was significantly higher than that
in the CK (one-way ANOVA, p < 0.05), showing an increasing trend with the increasing
Cd concentration. In stems, N content in T. patula under treatments L225 and L300 was
considerably higher than that of CK (one-way ANOVA, p < 0.05). There was no significant
difference in N content of flowers among the treatments during the flowering phase (one-
way ANOVA, p = 0.497), but a significant difference in N content was observed between
treated plants and CK during the fructification phase (one-way ANOVA, p < 0.05).

P content was significantly influenced by Cd (Figure 5; GLMs, p < 0.001 for treatments),
and this influence was dependent on growth stages and organs (GLMs, p < 0.001 for
interactions among treatments, growth stages and organs). P content differed significantly
among the three growth stages (GLMs, p < 0.001 for growth stage), with an order of seedling
phase > flowering phase = fructification phase. In similar, P contents varied dramatically
among organs (GLMs, p < 0.001 for organs), with the following order: flower > stem >
leaf > root. During the flowering and fructification phases, the P contents in roots from all
Cd-treated plants were significantly higher than that from CK (one-way ANOVA, p < 0.05),
while the P contents only from L1 and L2 were higher than that from CK during the seedling
phase (one-way ANOVA, p < 0.05). During the flowering phase, the P contents in flower
were lower in Cd-treated plants than that in CK; however, in the fructification phase, the P
contents in plants treated with Cd concentration less than 225 mg kg~ ! were higher than
that in CK.
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Figure 5. Effect of Cd stress on nutrient distribution in Tagetes patula. The leaf for the measurement of
N, P and K was sampled on days 30 (seedling phase), 79 (flowering phase) and 122 (fructification
phase) after transplantation. Each bar denotes the mean of 3 replicates, with standard error based on
means (MSE). Different letters indicate significant differences among Cd concentrations within the
same growth stage and organ compared by Fisher’s least significant differences (LSD) test at p < 0.05.

Cd treatment considerably influenced the K content in T. patula (Figure 5; GLMs,
p < 0.001 for treatments), and this influence was dependent on growth stages and organs
(GLMs, p < 0.001 for interactions among treatments, growth stages and organs). K content
differed dramatically among growth stages (GLMs, p < 0.001 for growth stage), with an
overall order of seedling phase > fructification phase > flowering phase. Similarly, K
contents varied significantly among organs (GLMs, p < 0.001 for organs), with the following
general order: flower > stem > root > leaf. The K content in root, stem and leaf was
significantly lower under the treatment L300 compared to that of CK (one-way ANOVA,
p < 0.05), except for the stem in the fructification phase. However, the K content in flower
of the L300 treatment was similar to that of CK (one-way ANOVA, p > 0.05).

3.5. Active Oxygen Injury Caused by Cd Stress

Cd treatment significantly influenced the MDA content in T. patula (Figure 6a; GLMs,
p < 0.001 for treatments), and this influence was dependent on growth stages (GLMs,
p < 0.001 for interactions between treatments and growth stage). MDA content also differed
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significantly among growth stages (GLMs, p < 0.001 for growth stage), with an order of
fructification phase > flowering phase > seedling phase. In the seedling phase, all Cd-
treated plants showed an increased MDA content, but only plants under L225 and L300
had an increased MDA content in both flowering and fructification phases.
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Figure 6. Effect of Cd stress on the active oxygen damage. The leaf for the measurement of (a) mal-
ondialdehyde, (b) H,O; and (c) O, ~ was sampled on days 30 (seedling phase), 79 (flowering phase)
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and 122 (fructification phase) after transplantation. Each bar denotes the mean of 3 replicates, with
standard error based on means (MSE). Different letters indicate significant differences among Cd
concentrations within the same growth stage and organ compared by Fisher’s least significant
differences (LSD) test at p < 0.05.

H,O; content was significantly influenced by the application of Cd (Figure 6b; GLMs,
p < 0.001 for treatments), and it depended on growth stages (GLMs, p < 0.001 for interaction
between treatments and growth stage). Growth stage remarkedly affected the HyO, content
as well (GLMs, p < 0.001 for growth stage), with an inverse order as for MDA: seedling
phase > flowering phase > fructification phase. Cd treatment increased HyO; content at all
tested concentrations except for 7.5 mg-kg ! in the flowering stage. In the flowering stage,
plants treated with Cd at concentrations of >75 mg-kg~! showed a significantly higher
Hy0O; content. However, plants under the treatments of L7.5-L150 showed a decreased
H,0O, content, and only that of L225 showed an increased H,O, content.

Cd treatments showed a significant effect on O, content in T. patula (Figure 6c;
GLMs, p < 0.001 for treatments), and this effect was dependent on growth stages (GLMs,
p < 0.001 for interaction between treatments and growth stage). In the seedling stage, Cd
decreased the O, content for treatments L7.5-1.30 compared to CK, but increased it for
treatments L75-L300. In the flowering stage, only plants treated with Cd at concentrations
of >150 mg-kg~! showed an increased O, content. Similar to what was observed in
the seedling phase, plants treated with Cd at concentrations of >75 mg-kg ! showed an
increased O, content in the fructification phase. Growth stage considerably influenced
the O, content (GLMSs, p < 0.001 for growth stage), with an order of seedling phase >
flowering phase > fructification phase.

4. Discussion

Cd stress induces changes in nutrient element absorption and transfer efficiency in
plants, resulting in a malfunctioning metabolic process with morphological changes and
nutritional deficiency [26,27]. The impact extent is related to Cd stress concentration,
plant species and the physical-chemical properties of soil [28,29]. In this research, no
nutritional deficiency for T. patula was observed under the Cd treatments with concentration
<75 mg-kg~!. The height, basal diameter and biomass were significantly affected only at
the soil Cd concentration higher than 150 mg-kg~!, which is consistent with the results of
Sun [13], who found that the biomass of T. patula was significantly decreased when the Cd
concentration was higher than 100 mg-kg~!.

The uninfluenced growth of T. patula at low concentrations of Cd may be explained
by two reasons. The first explanation would be the elements of N, P and K in T. patula.
Our result is similar to the findings of Chen [24], in which N and P content in Solanum
nigrum L. showed an overall increase with the increase in soil Cd concentration applied.
Previous research confirmed that N and P play important roles in normal physiological
metabolism and substance synthesis, and they have a detoxification function for plants
under heavy metal stress via the synthesis of organic acids, specific proteins and peptides,
which further form new compounds with the metals, promoting the stabilization of root
system and/or lowering the diffusivity of the heavy metals in the cells [30,31]. Previous
studies have documented that K* is involved in the transfer of Cd [4,32]. In our study, the
Cd content showed an overall decrease in the flowering and fructification phases, which
could lead to a decrease in Cd absorption, accumulation and injury. In addition, Liu [33]
demonstrated that potassium deficiency protected rice seedlings from Cd stress, and Zhao
found that the application of K;SO4 and KCl increases the uptake of Cd in wheat [34]. The
second explanation would be the strong oxide clearing system. MDA, an indicator for
ROS injury that is reduced by antioxidant enzymes such as superoxide dismutase, catalase,
peroxidase and reduced glutathione, was controlled at a low level during the seedling
phase [25,29]. Furthermore, the MDA content was even lower during the flowering and
fructification phases in T. patula, which may be attributed to the fully developed state
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during these two phases, in which plants possessed a stronger ability to produce higher
levels of antioxidant enzymes and reduzates [24]. However, excessive ROS was induced
by high Cd concentration stress (>150 mg-kg 1), which exceeded the ability of T. patula to
clear, resulting in peroxide damage to the cytomembrane and thus inhibiting the growth
of T. patula. Ben observed that MDA was increased under Cd stress during the flowering
phase for Brassica napus, and they concluded that plants were more sensitive to Cd stress
during the flowering stage [35]. However, our study showed that the H,O, and O~
contents decreased with the development of T. patula. Furthermore, the MDA decreased
with the increase in the developmental stage of T. patula. These results suggested that T.
patula became less sensitive to Cd stress with the increase in developmental stages, and
they further confirmed the potential tolerance and adaption of T. patula to Cd pollution.

As the transition phase from the vegetative period to the reproductive period, the
flowering phase is a special growth stage [36]. Except for the high concentrations of L225
and L300, the initial flowering period and maximum inflorescence size of T. patula were not
significantly affected by the tested Cd concentrations; the flower number was not reduced
either. Our result was similar to that of Moradi [37], in which Cd stress did not show
a significant effect on the total flowers of Crocus sativus L. Hladun [38] also found that
average flower number and flower morphology of Raphanus sativus, a Cd-sensitive plant,
were not affected by Cd at concentrations of 0.003-0.3 mg-kg~!. Flowering is the result of
a combination of internal physiological changes and external environmental factors. The
flowering process is directly related to the distribution of basic nutrients [30,32]. According
to the resource utilization hypothesis, plants can ensure the success of reproduction by
controlling the relative proportion of resources allocated to vegetative components and
reproductive components when resources are limited [38,39]. In this experiment, regardless
of Cd concentrations, P content in the flowering phase and K content in the flowering and
fructification phases were higher in the flower than in other organs. Compared with the CK
without exogenous Cd, when stressed with Cd, T. patula actively distributes more N, P and
K to the flower parts. The active absorption, transportation and reasonable distribution of
these nutrients by T. patula under Cd stress may be one of the important reasons for the
unaffected flower numbers [40]. In addition, the Cd content of T. patula flowers remained
at an extremely low level under a series of Cd concentration treatments, which is consistent
with the results of Prins [41]. Studies have reported that Cd stress influences the sperm
behavior and morphology of Sphaeropteris lepifera (Hook.) RM Tryon and severely blocks its
sexual reproduction [42]. Cd was found to accumulate in the flowers of Cucurbita pepo L.,
influencing insect access and reducing its breeding fitness [43]. T. patula controlled the Cd
content of the flower to a very low level, reduced the chance of damage to its germ cells
and ensured the success rate of sexual reproduction.

The difference between the accumulation and transfer of Cd by plants mainly depends
on two aspects: one is the genetic characteristics of the plant itself, such as root absorption,
cumulative transport efficiency and the ability of roots to secrete organic acids to activate
Cd ions in the soil; the other is environmental factors, such as the concentration of Cd in
the soil, Cd form, pH and antagonism and synergy among ions [32,44]. In this experiment,
the Cd content in each organ of marigold increased with the increase in Cd concentration at
each developmental stage, which was similar to the results of Farooq [45] and Rao [46]. In
terms of the overall comparison of Cd contents among organs in the seedling stage, the Cd
content in the stem was the highest, and the Cd content in the roots was the lowest, which
may be determined by the biological characteristics of hyperaccumulators [32]. Studies
have found that hyperaccumulator plants are lacking in the ability to restrict the migration
of metals from root to stem, and therefore heavy metals are transferred to their aerial parts
in large amounts, but the stems with complex vascular structure can effectively prevent
the further transfer of Cd to the leaves [47]. This can prevent Cd?* from causing damage
to photosynthesis and metabolic enzymes [48]. With the prolongation of the treatment
time (flowering and fructification phases), the Cd content in the roots of T. patula turned
to the highest. This may be due to the antagonism among Cd ions leading to enriched
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Cd in the T. patula root system and thus avoiding more Cd absorption [49]. In addition,
studies have found that a high concentration of Cd in the roots will inhibit its transfer
to the aboveground part [50]. This may contribute to the improvement of the Cd stress
tolerance for a long time in T. patula. This study revealed that, in the Cd-contaminated
habitat, the mechanism by which T. patula accumulates Cd and ensures normal absorption
and metabolism is as follows: a large amount of absorption and accumulation of Cd in the
stem during the vegetative growth phase and the accumulation of Cd in the root during
the reproductive growth phase, thus avoiding a large amount of upward Cd transfer.

The average enrichment coefficient of Cd (mass content of plant aboveground part/mass
content in soil) of T. patula at each developmental stage was 1.60-2.76, which exceeded 1.0,
a standard for the definition of hyperaccumulator plants [4,51]. T. patula is indeed a Cd
hyperaccumulator. According to the model for estimation of the Cd-enrichment capacity
per unit area [52], the aboveground biomass and enrichment coefficient of T. patula were
calculated based on the average value of 6.44 g/plant and 2.07 in the flowering period.
When the soil Cd concentration was set as 150 mg-kg ! in the seriously polluted mining
area, the aboveground Cd concentration of T. patula was about 2.0 mg. The actual T. patula
density was about 3.6 x 10* plants hm 2, which can absorb about 72.0 g of pure Cd per
hectare, suggesting a high practical application in the remediation of Cd-contaminated soil.

5. Conclusions

This study revealed the response of T. patula vegetative growth, flowering rhythm,
active oxygen metabolism and absorption and distribution patterns of Cd and nutrient
elements at different developmental stages under Cd stress. T. patula maintains the co-
ordination of the aboveground/underground parts in morphology and adopts different
strategies at different developmental stages to avoid the large transfer of Cd to the assimila-
tion organs of leaves and reproduction organs of flowers, ensuring sufficient absorption
and reasonable distribution of N, P and K in each organ. Active oxygen was effectively
cleared to avoid membrane peroxidation caused by Cd stress, which allowed T. patula to
survive and reproduce under the treatment of Cd at a concentration of 225 mg-kg~! or
below. Considering the strong Cd accumulation ability of T. patula and the extremely low
level of Cd accumulation in the flower part (the risk of Cd returning to the soil ecosystem
through petal litter and seed dispersal is low), this species can not only be a potential
hyperaccumulator in Cd-polluted areas but also provide the possibility for the develop-
ment of the local anthocyanidin extraction industry. Of course, these results need to be
treated with caution as this tested artificial system with only Cd existing is much simpler
than the real system rich in a variety of heavy metals and other pollutants. Therefore, to
better understand the Cd tolerance of T. patula under a real wastewater system with dense
Cd, it is necessary to further study the performance of T. patula threatened with Cd when
interacting with other organic and inorganic pollutants.
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Abbreviations

CK control treatment

AFmax  the maximum accumulative flower number per plant
Deirst the day the first flower appeared

Diast the day the last flower appeared

RSD relative standard deviation
ROS reactive oxygen species
MDA  malondialdehyde

LSD least significant difference

GLMs generalized linear models
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