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Abstract: Cadmium (Cd) contamination is a growing concern, as exposure to the metal has been
shown to inhibit plant growth and development. However, soil Cd pollution in China is typically
mild, and thus its concentration often does not impede plant growth. On the other hand, it is
unknown if increased plant growth impacts Cd uptake, movement, and accumulation. Here, we
analyzed the relationship between Cd accumulation in 31 tomato cultivars and the impact on specific
growth parameters in mild Cd contamination. The results showed that there are variations in the Cd
distribution among the 31 tomato cultivars studied. There were higher Cd concentrations in shoots of
the cultivar ‘SV3557’, whereas root Cd concentrations were the lowest. The roots of the cultivar ‘HF11’
recorded the lowest Cd content but had higher Cd content in the shoots. The Cd concentration in roots
and shoots was not related to root length, plant height, and root weight. However, Cd accumulation
in the shoots was markedly promoted by root length and plant height, and Cd accumulation in
the roots was promoted by root weight. Subsequently, we imposed Cd on four selected tomato
cultivars to ascertain their accumulation in the shoot tissues. The results revealed that, among the
four tomato cultivars, Cd was highly accumulated in the leaves, followed by the stems, and the fruits
(leaf > stem > fruit). When identifying significant loci associated with Cd accumulation in tomato
plants, it is crucial to find a suitable indicator to assess the plant’s ability to accumulate Cd. Thus, Cd
concentration in shoots can be used as a reliable proxy for evaluating tomato plants’ capacity for Cd
accumulation. This study serves as a valuable reference in guiding the selection of such an index.

Keywords: cadmium; accumulation; distribution; correlation; Solanum lycopersicum

1. Introduction

The severity of heavy metal pollution has been on the rise as a consequence of various
human activities, including mining, discharge of industrial wastewater, and excessive
application of pesticides and fertilizers [1,2]. Cadmium (Cd) is a common heavy metal
element that is highly toxic and not essential for plant growth [3]. Cadmium frequently
engages in competition with Zn2+, Fe2+, Mn2+, and other divalent metal ions for transport
channels, resulting in detrimental effects such as inadequate nutrient uptake, reduced
photosynthetic activity, and oxidative stress, thereby impeding plant development [4–6].
Furthermore, the expeditious migration and protracted half-life of Cd culminate in its
bioaccumulation within organisms subsequent to its introduction into the ecological food
web, thereby causing a gradual onset of chronic toxicity in humans [7]. Although the
impact of Cd concentration on plant growth and development is minimal, it is important
to note that the accumulation of Cd in edible plant parts may surpass the optimal safety
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thresholds [8]. Based on the findings of a survey [9], it has been determined that the
prevalence of soil Cd pollution in China stands at approximately 7%. Within this percentage,
soil that is categorized as slightly polluted and lightly polluted constitutes 6% (for dry
land with pH ≤ 7.5, the concentration of cadmium was between 0.3~0.9 mg/kg), whereas
moderately and severely polluted soil represents a mere 1% [9]. Hence, it is imperative to
study plants cultivated in soils mildly contaminated with Cd in order to ensure the safety
of agricultural produce.

The inhibitory effect of a high concentration of Cd on the growth of tomato and other
plants has been widely investigated [10–12]. However, it has been observed that mild
Cd pollution does not impact plant growth. The root serves as the primary means by
which plants uptake mineral elements, making it a crucial component of nutrient uptake.
Additionally, the root functions as the initial line of defense against Cd accumulation.
Cadmium stress resulted in the inhibition of root length and lateral root formation of melon
and pea, as observed in studies by Chen et al. [13] and Fusconi et al. [14]. According to
Kubo et al. [15], wheat cultivars exhibiting high Cd accumulation demonstrate substan-
tial Cd distribution in roots compared to cultivars with low Cd accumulation. Hence,
this study employed a total of 31 distinct tomato cultivars characterized by varying root
lengths and root weights. The objective was to investigate the potential influence of root
growth, specifically under low Cd concentration, processes of Cd absorption, transport,
and accumulation. Similarly, overabundance of Cd has been found to impede both shoot
biomass and plant height in ornamental plants, as demonstrated by Liu et al. [16] and
Wu et al. [17]. It is noteworthy that studies in wheat and Leptoplax emarginata have found
that the transpiration rate affects plant height and shoot biomass, subsequently influencing
the absorption of Cd [18,19]. This study aimed to examine the potential correlation between
plant height and Cd accumulation in a sample of 31 tomato cultivars, and also to determine
whether plants could influence Cd accumulation through physiological processes such as
transpiration rate or photosynthesis.

The tomato (Solanum lycopersicum) is an economically valuable crop that is cultivated
globally [20,21]. The tomato plant has a shorter growth cycle, a readily observable growth
phenotype, and a comparatively compact genome [22,23]. The tomato plant, belonging to
the Solanaceae family, holds significance not only as a food security vegetable crop but also
as a prominent model plant for biological studies [22,24]. The distribution of Cd in tissues
varies among different species or cultivars, as reported by An et al. [25], Hu et al. [26],
and Wang et al. [27]. To the best of our knowledge, there is limited research examining
potential variations in the distribution of Cd within different tomato cultivars. Hence,
the present study is undertaken to assess the distribution of Cd within the tissues of four
distinct tomato cultivars subjected to varying concentrations of Cd. This study provides
valuable insights into the key characteristics associated with the accumulation of Cd in
tomato plants. Moreover, there is a lack of literature regarding the potential impact of
plant growth on the processes of absorption, transport, and accumulation of Cd in soils
with low Cd concentrations. This will enable us to more accurately assess the capacity of
tomato plants to accumulate Cd. As an illustration, in cloning major loci associated with
Cd accumulation in tomato, the utilization of a genome-wide association study (GWAS)
typically involves the examination of numerous tomato accessions, each exhibiting distinct
growth potential. It is imperative to evaluate the potential impact of tomato growth on its
ability to accumulate Cd, as well as determine the most suitable index that can effectively
mitigate the interference caused by growth.

2. Materials and Methods
2.1. Experimental Materials and Design

Two independent experiments were conducted in a greenhouse at the Huazhong
Agricultural University in Wuhan, China. In the first experiment, 31 tomato cultivars were
sown in a substrate with 1 mg/kg Cd to evaluate the accumulation pattern. Regarding the
risk control standard for soil contamination of agricultural land [28] (China) (GB 15618-
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2018) and the standard level of pollution of soils in China, the concentration of Cd in the
substrate was set to a light pollution level, 1 mg/kg. Cd was added as CdCl2·2.5H2O,
mixed well with the cultivation substrate, and loaded into the planting groove. Thirty-one
commercially available tomato cultivars were germinated at 25 ◦C and sown in the planting
groove, and five individual plants were retained for each cultivar (Supplementary Table S1).

In the second experiment, the tissue distribution of Cd in ‘HX’, ‘HF12′, ‘HF15′, and
‘JNBL’ was investigated. Seeds of the four cultivars were planted in a greenhouse with-
out Cd treatment at 25 ◦C for one month, and the seedlings with similar growth were
selected and transplanted to the substrate with Cd concentration of 0, 0.5, 1.0, 1.5, 2.0, and
4.0 mg/kg. We watered the soil regularly to keep it moist and to ensure the growth of
the plants. After the plant entered the vigorous growth period, we removed all the lateral
branches, leaving only the main stems. The scheme of two independent experiments was
presented (Supplementary Figure S1). Cadmium-contaminated substrates and tomato
were treated professionally by the department of Hazardous Waste Recovery at Huazhong
Agricultural University.

2.2. Determination of Growth Parameters

Thirty-one tomato cultivars were used in this study. Seedlings were harvested and
divided into shoots and roots from the end of the stem. The plant height and root length
were measured. The plants were then rinsed with deionized water, quickly dried with
gauze, and their fresh weight was measured. Subsequently, the samples were dried at
110 ◦C for 15 min and then dried to a constant weight at 75 ◦C. The dry weights (DW)
were recorded.

2.3. Determination of Cd Concentration

Tissue samples of 31 tomato cultivars were dried, ground, and passed through a
0.149 mm mesh nylon sieve for chemical analyses. Samples weighing 0.2 g were digested
with 10 mL nitric acid at a gradient of temperatures spanning 120–180 ◦C for 1 h using a
MARS6 microwave. After digestion, the samples were diluted to 25 mL with deionized
water, and the content of Cd was determined by an Agilent graphite furnace (Agilent AA
240Z), with a detection limit of 0.019 µg/L. The Cd accumulation and the translocation
factor (TF) were calculated as follows:

Cd accumulation (µg/plant) = Cd concentration × dry weight per plant [29]. The
translocation factor (TF) is defined as the ration of Cd concentration in shoots and Cd
concentration in roots [30].

2.4. Statistical Analyses

Statistical analyses were performed using IMB-SPSS statistical software (version 26.0).
Data were analyzed using a one-way analysis of variance with the least significant difference
test at a 5% significance level. The polar heatmaps with dendrogram were created using
Origin software (version 2022; Figure 1). The scatter plots (Figures 2–4) and curve (Figure 5)
were created using the GraphPad Prism software (version 8).
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Figure 4. Effect of root weight on Cd accumulation in tomato plants. Correlation between root weight
and Cd concentration in roots (a), Cd accumulation in roots (b), Cd concentration in shoots (c), Cd
accumulation in shoots (d), Cd concentration of whole plant (e), total Cd accumulation in plant (f),
and translocation factor (g). R2, coefficient of determination. n.s, no significance.
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(a), ‘JNBL’ (b), ‘HF15’ (c), and ‘HF12’ (d) under 0, 0.5, 1.0, 1.5, 2.0, and 4.0 mg/kg Cd treatments.
‘*’ means a significant difference with Cd concentration in fruits at the 5% significance level by
one-way analysis of variance.

3. Results
3.1. Accumulation of Cd in Tomato

The distribution of Cd in different tomato cultivars was found to be different. For
instance, the cultivar ‘SV3557′ recorded the highest Cd concentration in the shoot but the
lowest Cd concentration in the root. The cultivar ‘HF11’ had a low Cd concentration in
the shoot but higher Cd concentration in the root. Additionally, the Cd concentration in
the shoots and roots of the cultivars ‘OuDun’, ‘Sybed’, ‘JP6022′ and most of the cultivars
was similar (Figure 1a). To facilitate a more comprehensive assessment of Cd accumulation
capacity of the 31 tomato cultivars, we computed the Cd accumulation per plant in the
tomato cultivars. It is noteworthy that the roots of tomato cultivars exhibited limited
capacity for Cd accumulation, a characteristic that can be attributed to their relatively low
root biomass (Figure 1b).

3.2. Effect of Root Length on Cd Accumulation in Tomato

To examine the potential influence of growth phenotype of the tomato cultivars on Cd
accumulation, we analyzed the relationship between these two variables (Supplementary
Table S2). Initially, we observed no significant correlation between the length of roots and
the concentration of Cd in the roots, shoots, and overall tomato. This finding suggests that
the length of the root does not impact on Cd concentration in tomato plants (Figure 2a,c,e).
Additionally, further analysis was performed on the relationship between the length of
the roots and Cd accumulation in each individual tomato cultivar. It is noteworthy that
no significant correlation was observed between the length of tomato roots and the Cd
accumulation in the roots. However, a significant positive correlation was established
between the length of tomato roots and Cd accumulation in the shoots (Figure 2b,d,f). This
finding indicates that while the length of tomato roots had no significant impact on Cd
concentration in tomato plants, it may contribute to an increased accumulation of Cd per
plant by enhancing the biomass of tomato plants.
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3.3. Effect of Plant Height on Cd Accumulation in Tomato

We investigated the correlation between tomato plant height and Cd accumulation.
The results showed that there was no significant correlation between plant height and Cd
concentration in the root, shoot, and overall tomato, indicating that plant height may not
impact Cd concentration in tomato plants (Figure 3a,c,e). We also analyzed the correlation
between plant height and Cd accumulation per tomato plant. There was no significant
correlation between tomato plant height and Cd accumulation in the roots, but a signifi-
cant positive correlation was found between plant height and Cd accumulation in shoots
(Figure 3b,d,f). This is because plant height significantly affects the biomass of tomato and
directly affects the calculation of Cd accumulation per plant.

3.4. Effect of Root Weight on Cd Accumulation in Tomato

Finally, we analyzed the correlation between tomato root weight and Cd accumulation.
The results showed that there was no significant correlation between root weight and Cd
concentration in root, shoot, and the whole plant of the tomato, indicating that root weight
had no significant effect on Cd concentration in tomato plants (Figure 4a,c,e). We also
analyzed the correlation between root weight and Cd accumulation per plant. There was no
significant correlation between tomato root weight and Cd accumulation in shoots, but there
was a significant positive correlation between tomato root weight and Cd accumulation in
roots and the whole plant (Figure 4b,d,f). This finding demonstrates that the accumulation
of Cd in tomato roots is a significant component of the overall Cd accumulation process.

3.5. Differences of Cd Accumulation in Tomato Tissues

To investigate the distribution of Cd in tomato tissues, four tomato cultivars ‘HX’,
‘HF12’, ‘HF15’, and ‘JNBL’, were planted in soils with Cd concentrations of 0, 0.5, 1.0, 1.5, 2.0,
and 4.0 mg/kg. The findings of this study demonstrate a positive correlation between Cd
concentration in soils and the corresponding Cd concentration in tissues of tomato plants.
Furthermore, it was observed that the distribution of Cd concentration in the four tomato
cultivars followed the pattern of leaf > stem > fruit (Figure 5). The present findings illustrate
the spatial movement of Cd from the soil, through the root, and ultimately reaching the
shoot. This information contributes to a deeper understanding of the intricate dynamics
between Cd and plants.

4. Discussion

Differential accumulation of Cd was observed among different crop cultivars [26,31].
In this study, we investigated the root length, root weight, plant height, and other growth
traits of 31 tomato cultivars, as well as their capacity for Cd accumulation in lightly polluted
soil (Figure 1 and Table S1). We found that there were differences in the growth phenotype
and Cd accumulation ability of the 31 tomato cultivars. The Cd concentration in the ‘HF11’
cultivar was high in roots, but low in shoots, whereas in the ‘SV3557’ cultivar, it was low in
roots and high in shoots. This therefore suggests that Cd concentration in the roots may not
accurately represent the Cd absorption capacity of plants. Once more, the findings suggest
the presence of certain genes that may be selectively activated in vascular bundles to govern
the distribution of Cd across different tissues. This disparity in Cd accumulation among
the 31 cultivars examined in this study can likely be attributed to this underlying genetic
regulation. In a recent study by Szwalec et al. [32], the accumulation of heavy metals
in plants, specifically European Aspen and silver birch, was predominantly observed
in the roots. However, the findings of this study indicate that the majority of the Cd
accumulation was in the shoot, while the roots exhibited a minimal absolute accumulation
of Cd (Figure 1b). Our study suggests that the primary function of the roots is to absorb and
transport Cd, rather than serving as a storage site for this element. The observed disparity
between our study and previous studies may potentially be attributed to genetic variations
in the study materials (tomato).
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As previously established [33–35], in environments with high Cd concentrations, reac-
tive oxygen species (ROS) impede plant root growth. Conversely, in environments with
low Cd concentrations, the root length of plants is typically unaffected [33–35]. Never-
theless, the relationship between plant root length and Cd accumulation in environments
with low Cd concentration remains uncertain. The current study found no significant
correlation between the length of tomato roots and Cd concentration in both the root
and shoot (Figure 2a,c,e). It is striking that a notable positive correlation was observed
between root length and Cd accumulation in the shoots of tomato plants. However, no
significant correlation was found between root length and Cd accumulation in the roots
of tomato plants (Figure 2b,d,f). Previous studies indicate a correlation between longer
root length and enhanced Cd absorption, resulting in higher total Cd accumulation in
plants [36,37]. It is noteworthy that a direct correlation exists between the accumulation of
Cd and biomass. Therefore, we analyzed the correlation between root length and shoot
biomass. The findings indicated a significant positive association between root length and
shoot biomass (Figure 2h). Hence, it is possible to argue that the assertion that increased
root length directly facilitates the uptake of Cd may not be entirely accurate. An increased
root length in plants may lead to a corresponding increase in biomass, thereby resulting
in higher overall levels of Cd accumulation. Ultimately, root length did not exhibit any
significant alteration in response to varying concentrations of Cd in tomato plants.

Cadmium stress can inhibit plant height and biomass. However, the concentration
of cadmium stress varies for different species, and even the appropriate concentration
of cadmium treatment can promote plant height and biomass [38–41]. The inhibition of
cadmium stress on plant growth is serious. However, there are few studies on whether
plant height and biomass affect cadmium uptake in low-cadmium environments that do
not affect plant growth. In this study of 31 tomato cultivars treated with mild cadmium
pollution, we found that a different plant height and root weight did not cause the difference
in cadmium concentration in tomato plants (Figures 3a,c,e and 4,a,c,e). Plant height and
root weight were significantly correlated with cadmium accumulation per tomato plant,
which was caused by the calculation formula (Figures 3d,f and 4b,f).

Cadmium is absorbed, transported, and distributed from soil to plants. Species vary
in their absorptive capacities and the distribution of Cd in different tissues. Wang et al. [27]
found that the concentration of Cd in apple organs following Cd treatment ranked in the
order of root > leaf > stem. An et al. [25] demonstrated that Cd distribution in maize plants
following Cd treatment exhibited a pattern of leaf > stem > fruit. The concentration of
Cd in the feeder roots of sweet potato plants was higher compared to other tissues, while
the concentration of Cd in the leaf was lower than in the stem [42].Given that the plant
growth and development is genetically and integrally controlled [43], this study aimed to
investigate potential variations in the distribution of Cd among different tomato cultivars.
To achieve this, four cultivars were selected for analysis to determine their respective Cd
accumulation capacities. The study found that the concentration of Cd in the stems, leaves,
and fruits of the four tomato cultivars increased as the treatment concentration increased.
Additionally, the distribution of Cd in the four tomato cultivars followed the pattern of leaf
> stem > fruit (Figure 5). In contrast to a study on pepper by Hu et al. [26], their findings
indicate notable variations in the distribution of Cd among different pepper varieties.
Specifically, the Cd distribution pattern in the pepper variety ‘Luojiao 318’ was observed
to be fruit > leaf > stem. The genetic background of the four tested tomato cultivars
may not differ significantly, resulting in similar distribution of Cd. It is noteworthy that
the Cd concentration in tomato fruits by fresh weight is much lower than the maximum
permissible concentration of 0.05 mg/kg permitted in China.

5. Conclusions

This study revealed variations in the Cd accumulation capacity among different tomato
cultivars. The study found that tomato roots primarily functioned in the absorption and
transportation of Cd, rather than storage. The growth phenotypes, including root length,
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plant height, and root weight, did not have an impact on the concentration of Cd in tomato
tissues. This implies that the Cd accumulation ability of tomato can be objectively assessed
based on Cd concentration. The concentration of Cd in tomato was highest in the leaves,
followed by the stems and then the fruit. This implies that leaves may serve as storage
tissues for Cd, exhibiting higher Cd concentrations, while stems may act as transport tissues
for Cd, displaying lower Cd concentrations. The low concentration of Cd in fruits may be
attributed to the dilution caused by their high-water content.

In future studies, we will assess the Cd accumulation capacity of 506 tomato accessions
by measuring their Cd concentrations. Subsequently, we will employ GWAS to identify
and isolate the primary loci responsible for Cd accumulation in tomato.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9121343/s1, Figure S1: The experimental schemes; Table
S1: Names and sources of 31 tomato varieties; Table S2: Growth phenotype of 31 tomato varieties.
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