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Abstract
Cadmium (Cd) pollution threatens food security and the environment. Willow species (Salix, Salicaceae) exhibit a remark-
able potential to restore Cd-polluted sites due to their high biomass production and high Cd accumulation capacities. This 
study examined the Cd accumulation and tolerance in 31 genotypes of shrub willow in hydroponic conditions at varying 
Cd levels (0 μM Cd, 5 μM Cd, and 20 μM Cd). The root, stem, and leaf biomass of 31 shrub willow genotypes showed 
significant differences to Cd exposure. Among 31 willow genotypes, four patterns of biomass variation response to Cd were 
identified: insensitive to Cd; growth inhibition due to excessive Cd supply (high Cd inhibition); low Cd causing inhibited 
growth, whereas high Cd leading to increased biomass (U-shape); and growth increment with excessive Cd exposure (high 
Cd induction). The genotypes belonging to the “insensitive to Cd” and/or “high Cd induction” were candidates for the utiliza-
tion of phytoremediation. Based on the analysis of Cd accumulation of 31 shrub willow genotypes at high and low Cd levels, 
genotypes 2372, 51–3, and 1052 obtained from a cross between S. albertii and S. argyracea grew well and accumulated 
relatively more Cd levels than other genotypes. In addition, for Cd-treated seedlings, root Cd accumulation was positively 
correlated with shoot Cd accumulation and total Cd uptake, demonstrating that Cd accumulation in roots could serve as a 
biomarker for evaluating the Cd extraction capacity of willows, especially in hydroponics screening. The results of this study 
screened out willow genotypes with high Cd uptake and translocation capacities, which will provide valuable approaches 
for restoring Cd-contaminated soils with willows.
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Introduction

Over recent decades, anthropogenic activities have triggered 
catastrophic impacts on global environmental changes, one 
of which is heavy metals pollution (Ye et al. 2015; Yang 
et al. 2018). Plants are heavily threatened by high metal 
concentrations in soils. Heavy metal can be accumulated 
in the shoots and roots of plants and enter the food web, 
thus threatening human health and animals (Nascimento and 
Xing 2006; Wei et al. 2006; Clemens and Ma 2016; Yang 
et al. 2018; Vardhan et al. 2019).

Cadmium (Cd) is among the most dangerous environ-
mental pollutants due to its high toxicity, strong migra-
tion, as well as widespread global contamination (Anjum 
et al. 2015; Vardhan et al. 2019). The use of pesticides 
and chemical fertilizers, irrigation with sewage, and 
atmospheric deposition that resulted from metal smelting 
and coal combustion are the three main sources of soil 
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Cd (Zhao et al. 2015). Soil fertility may be impacted by 
the physical and chemical changes caused by Cd enrich-
ment (Li et al. 2016). In addition, excessive Cd uptake by 
plants has direct effects on normal physiological function. 
Plants may experience metabolic blockage, leaf chlorosis, 
and even death as a result of the symptoms (Lunáčková 
et al. 2003; Sikka et al. 2009; Belkhadi et al. 2010; Anjum 
et al. 2015; Tauqeer et al. 2016). Additionally, other living 
organisms, such as humans at the top of the food chain, 
could be poisoned by the absorbed Cd (Clemens and Ma 
2016). According to Matović et al. (2015), Cd enters the 
human body and selectively enriches in the kidney and 
liver, impairing organ function. Exposure to Cd led to the 
Itai-itai sickness that struck Toyama Prefecture in Japan 
(Inaba et al. 2005).

To prevent heavy metals from mobilizing into water bod-
ies and subsequent bioaccumulation, the reclamation of pol-
luted soil is necessary. However, traditional methods (e.g., 
excavation) or chemical treatment (e.g., electroremediation 
and chemical leaching) used for mitigating and repairing Cd 
pollution waste resources and time (Camargo et al. 2016; 
Domínguez-Garay et al. 2016). These techniques also run the 
risk of causing secondary contamination and destroying the 
original habitat of plants. In recent years, phytoremediation, 
also referred as botanical bioremediation, has developed into 
a novel, eco-friendly technique for remediating heavy metal-
contaminated soil over the long term (Lunáčková et al. 2003; 
Rascio and Navari-Izzo 2011; Camargo et al. 2016; Mahar 
et al. 2016; Wei et al. 2021). This method can effectively 
remove, detoxify, or lock in pollutants in the growth matrix 
through physical, chemical, biological, or natural processes 
in plants. However, there are significant differences among 
species and cultivars within species in the capability of accu-
mulating heavy metals, and thus, not all plants are applicable 
for phytoremediation. Hence, screening germplasms able to 
extract heavy metals is of great importance and value in 
phytoremediation.

Salix (willow) species (Salicaceae), trees or shrubs, are 
well-known pioneer plants that can withstand high concen-
trations of heavy metals (Punshon and Dickinson 1997; van 
der Heijden 2001; Unterbrunner et al. 2007). There are ca. 
520 species of willow, and most of them are widely distrib-
uted in cold and temperate regions of the N hemisphere and 
a few in the S hemisphere. In addition to stabilizing the soil 
surface and reducing wind and water erosion, willow spe-
cies also lower the danger of pollutant leaching because of 
their extensive, perennial root systems (Sander and Ericsson 
1998). Willow species have proven to be an effective part of 
decontamination plans for soils with elevated Cd contents 
(Hammer et al. 2003; Vaculík et al. 2012) and have been 
utilized to successfully re-vegetate extremely contaminated 
land (Dickinson and Pulford 2005). Willows are therefore 
regarded as being important for upcoming replanting in 

phytoremediation activities (Landberg and Greger 1996; 
Rosselli et al. 2003).

Compared with tree species, shrub willows, when planted 
in contaminated soils, exhibit more rapid development, high 
biomass, and the ability to collect and accumulate signifi-
cant levels of heavy metals in their shoots without display-
ing any harmful effects. However, different willow species 
and cultivars exhibit different translocation abilities of Cd 
to the shoot (Moreno-Caselles et al. 2000; Hammer et al. 
2003; Dos Santos Utmazian et al. 2007; Sankaran and Ebbs 
2007; Amna et al. 2015). Therefore, screening genotypes 
with high Cd translocation ability is of vital importance and 
the first step in practice. To do so, cuttings of 31 willow 
genotypes were cultivated under high and low Cd concen-
trations in a hydroponic condition. Biomass and Cd accu-
mulation and translocation of all genotypes were measured 
following 4 week of Cd uptake. The results of our study will 
not only improve the database on willow species’ accumu-
lation and tolerance to Cd for phytoremediation, but also 
offer helpful methods for replanting willow species in Cd-
contaminated soils.

Materials and methods

Plant materials and growth conditions

Thirty-one shrub Salix genotypes obtained from the 
Jiangsu Academy of Forestry, National Willow Germplasm 
Resources (Nanjing, China) were analyzed for comparison 
of Cd accumulation (Table 1). These genotypes were grown 
in Cd-free soil. Cuttings of 31 different Salix species, with 
each about 12 cm in height, were put into a plastic tank filled 
with 12 L of water. After 10 days, the roots had emerged 
and were well developed. Then, the cuttings were supplied 
with low Cd (5 µM), high Cd (20 µM), or null Cd (0 µM) 
for 4 weeks to evaluate the phenotype. The water with Cd or 
without Cd was exchanged every 3 days to maintain the Cd 
concentrations and each tank was equipped with adequate 
aeration. The cuttings were grown in a growth chamber for 
12 h each day and exposed to temperatures of 26 °C during 
the day and 20 °C at night, with a humidity level of 70%.

Sample collection and biomass measurement

Roots of Salix species (see above) were thoroughly rinsed 
in 20 mmol/L EDTA-Na2 for 5 min and then washed with 
deionized water to remove Cd from their surface after 
4 weeks of Cd treatment. All 31 species were harvested for 
biomass analysis. The collected roots, stems, and leaves 
were dried for 3 days at 70 °C to a consistent weight. To 
assess tissue dry weight for each genotype and treatment, 
ten replicates were examined.
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Cd determination

Following the procedure outlined by Guo et al. (2022), 
the Cd in willow tissues was examined. Briefly, the roots, 
stems, and leaves of 31 Salix genotypes were ground into 
powder. Using a microwave system, samples (0.10 g) were 
digested with a solution of 3 mL deionized water, 5 mL 
nitric acid, and 3 drops of hydrogen peroxide (MARS5; 
CEM Corporation, USA). Cd concentration was deter-
mined using an inductively coupled plasma-atomic emis-
sion spectrometer. For quality assurance, a standard Cd 
solution (GBW(E)080119, National Institute of Metrology, 
China) was applied.

Statistical analysis

Microsoft Excel 2010 and SPSS 20.0 were used for statisti-
cal analysis. The translocation factors (TFs) of Cd from roots 
to leaves or shoots in plants were expressed as TF =  [Cd]root/
[Cd]leaf follows by Dos Santos Utmazian et al. (2007). Anal-
ysis of variance (ANOVA) was used to test the significant 
difference of Cd response among different willow clones. 
Probability level of p < 0.05 is considered significant.

Results

Growth of 31 shrub willows to Cd exposure

To investigate the response of shrub willows to Cd, 31 gen-
otypes with representative genetic backgrounds were fed 
with 0 μM, 5 μM, and 20 μM Cd for 4 weeks (Table 1). 
Great variations in the root, stem, and leaf biomass of 31 
willow genotypes were observed with or without Cd supply 
(Fig. S1). The ratios of the total dry weight of the genotypes 
under different Cd treatments were calculated to excavate 
willows which could be used as the candidates for Cd phy-
toextraction. The results showed that genotype 22 and 2372 
grew better with higher biomass under low and/or high Cd 
treatments (Fig. 1A, and B).

Based on the above data, we found four patterns to 
describe the responses of willow growth variations to Cd, 
including insensitive to Cd, high Cd inhibition, the U-shape, 
and high Cd induction with 58–2, 9–6, 2324, and 22 geno-
types as representative, respectively (Fig. 2). It has been 
revealed that seventeen genotypes were insensitive to Cd 
exposure, indicating that most willows were ideal species 
for soil remediation (Fig. 2A–C). Excessive Cd supply led to 
the growth inhibition of six genotypes (Fig. 2D-F). Interest-
ingly, for 35–9 and 2324 genotypes, low Cd caused inhibited 
growth, whereas high Cd caused increasing biomass, indi-
cating that the two genotypes displayed the divergence from 
different Cd treatments (Fig. 2G–I). The definition of “low 
Cd” or “high Cd” in the U-shape pattern referred to differ-
ent Cd concentrations in the nutrient solutions. In addition, 
among thirty-one genotypes, the total dry weight of five gen-
otypes was increased with the increment of Cd concentration 
(Fig. 2J–L). The results showed that willows could take up 
Cd efficiently and the biomass variation in response to Cd 
was genotype-dependent. The willow genotypes belonging 
to the “insensitive to Cd” and/or “high Cd induction” were 
candidates for the utilization of phytoremediation. For exam-
ple, P1024, 1050, and 2372 genotypes grew well at both low 
and high Cd concentrations (Fig. 2).

Table 1  Salix species used in the hydroponic experiment

Entry number Clone Specie/hybrid

1 P1024 S. suchowensis
2 P1025 S. suchowensis
3 P63 S. integra
4 P646 S. integra
5 P294 S. albertii
6 P102 S. leucopithecia
7 P655 S. purpurea
8 P658 S. purpurea
9 P661 S. purpurea
10 P678 S. purpurea
11 P681 S. viminalis
12 P605 S. cinerea
13 P716 S. eriocephala
14 P719 S. eriocephala
15 P485 S. psammophila
16 36–9 S. suchowensis × S. integra
17 9–6 S. integra × S. suchowensis
18 1050 S. suchowensis × S. argyracea
19 22 S. erioclada × S. argyracea
20 35–9 S. albertii × S. integra
21 35–16 s. albertii × s. integra
22 2372 S. albertii × S. argyracea
23 51–3 S. albertii × S. argyracea
24 1052 s. albertii × s. argyracea
25 2358 S. albertii × S. aurita
26 2357 S. albertii × S. aurita
27 58–2 (S. suchowensis × S. integra) × S. argyracea
28 2324 (S. suchowensis × S. integra) × S. argyracea
29 5 (S. suchowensis × S. viminalis) × S. argyracea
30 1037 S. dasyclados × (S. turanica × S. argyracea)
31 30–1 S. suchowensis × (S. suchowensis × (S. baby-

lonica × S. erioclada))
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Cd accumulation and translocation among 31 willow 
genotypes

To investigate the amounts of Cd in willows, Cd concen-
trations in different tissues were first measured. In our 
hydroponic experiments, Cd concentrations in roots of all 
31 willow genotypes were much higher than that of stems 
or leaves when exposed to 5 μM or 20 μM Cd for 4 weeks 
(Fig. 3). For 5 μM Cd-treated plants, the Cd concentrations 
in roots ranked from 186.45 to 671.07 μg/g, while it ranged 
from 218.32 to 958.35 μg/g at the concentration of 20 μM 
Cd (Fig. 3A, and B). However, the changes in the stem or 
leaf Cd concentrations were confined within narrow mar-
gins compared with that in roots (Fig. 3C–F). The results 
showed that the stable levels of Cd taken up by roots could 
be transported to the shoots. In addition, in the low Cd 
environment, the genotypes (58–2, P605) with greater Cd 
concentration in roots essentially matched the genotypes 
with higher Cd concentration in the stems and leaves, 
demonstrating that while Cd concentration increased in 
the roots, it also increased in the shoots (Fig. 3A, C, and 
E). However, under a high Cd environment, Salix geno-
types did not display the inherent attributes in the ability 
of Cd transport from roots to shoots (Fig. 3B, D, and F). 
Furthermore, total Cd uptake also showed a large vari-
ation. For 5 μM and 20 μM Cd-treated seedlings, 2357 
and 2358 obtained from a cross between S. albertii and S. 
aurita showed the lower Cd accumulation capacity, while 
hybrid 2372, 51–3, and 1052 (S. albertii × S. argyracea) 
accumulated higher Cd per plant (Fig. S2; Fig. 4). Consid-
ering that most portion of Cd was accumulated in stems 
and leaves, these materials had the potential to be used as 
candidate materials for remediation of high Cd pollution 
environment (Fig. 5).

Cd accumulation in roots as a biomarker 
for evaluating the Cd extraction capacity of willows

Correlation analysis showed that for 5 μM Cd-treated seed-
lings, root Cd accumulation was positively correlated with 
total Cd uptake and shoot Cd accumulation, and there was 
also a positive correlation between shoot Cd accumulation 
and total Cd accumulation (Fig. 6A–C). When exposed at 
20 μM Cd, root Cd accumulation was positively correlated 
with Cd accumulation per plant but no significant correla-
tion with shoot Cd accumulation. Likewise, shoot Cd accu-
mulation showed no significant correlation with total Cd 
accumulation in seedlings (Fig. 6D–F). It was noted that the 
relationship between Cd concentration in roots and leaves 
was obvious when the genotypes were treated with 5 μM Cd, 
whereas the relationship was not significant at 20 μM Cd 
supply (Fig. 6G, and H). In contrast, the correlation analysis 
of the Cd translocation factor between root, shoot, or whole 
plant Cd accumulation indicated that there was a negative or 
no relationship between most of them (Fig. S3). The higher 
the root concentration was, the lower Cd was transferred to 
the shoot.

Discussion

Cd pollution is a major hazard to human health and food secu-
rity and is a global environmental issue. Several plants appear 
retarded growth at 5–10 μM Cd application in hydroponic 
experiments (Benáková et al. 2017). Some willow species are 
known to have a high Cd remediation capacity and may thrive 
in conditions with a 50-μM Cd stress (Tőzsér et al. 2017). 
Nevertheless, the remediation potential of Cd for most wil-
lows is still unclear. In this study, we discovered that willow 

Fig. 1  Response of 31 willow genotypes to Cd treatment. Willows were grown in hydroponic solution without Cd or containing 5 μM (A) and 
20 μM (B) Cd for 4 weeks.  TDW0,  TDW5,  TDW20: total dry weight average of willows under 0, 5, or 20 μM Cd treatments, respectively (n = 10)
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species and genotypes responded differently to Cd concen-
tration, with responses ranging from a significant reduction 
to a major stimulation of root and shoot biomass production 
in comparison to the control. We also found four patterns to 
describe the responses of willows growth variations to Cd, 

including insensitive to Cd, high Cd inhibition, the U-shape, 
and high Cd induction, with genotype 58–2, 9–6, 2324, and 
22 as representative, respectively. In addition, our study indi-
cated that Cd accumulation in roots served as a biomarker for 
evaluating the Cd extraction capacity of willows.

Fig. 2  Four types of willow biomass responses to different Cd treat-
ments. 31 genotypes were grown in hydroponic solution without Cd 
or containing 5 and 20 μM Cd for 4 weeks. A, D, G, J Models of four 
types. 58–2, 9–6, 2324, and 22 genotypes represent different types. 
 Cd0,  Cd5,  Cd20: 0, 5, 20 μM Cd concentrations. Scale bar: 5 cm. B, E, 
H, K Root, stem, leaf, and total dry weight of 58–2, 9–6, 2324, and 

22 genotypes. C, F, I, L The total dry weight of 18 genotypes in type 
I, 6 clones in type II, 2 clones in type III, and 5 clones in type IV. 
Values are mean ± SD (n = 10). Different letters above bars indicate 
significant differences by one-way ANOVA followed by Tukey’s test 
(p < 0.05)
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Different willow genotypes exhibited different biomass 
accumulations in response to Cd exposure. These results 
were in line with previous studies (Yang et al. 2015; Tőzsér 
et al. 2017) and indicated that biomass variation in response 
to Cd is genotype-dependent. Excessive Cd supply only led 
to growth inhibition of six genotypes (Fig. 2D–F), indicat-
ing that most willows were ideal species for soil remedia-
tion. Excess Cd causes several direct and indirect harmful 
effects. For instance, excessive Cd affects a variety of physi-
cal and biological processes in the plant by producing free 
radicals and reactive oxygen species (ROS) that damage 

proteins, DNA, lipids, and carbohydrates (Gratão et al. 2009; 
Belkhadi et al. 2010; Fernández and Brown 2013; Hashem 
et al. 2016). In contrast, the biomass of 17 genotypes was 
insensitive to Cd exposure and five genotypes were increased 
with the increment of Cd concentration. Such Cd hormesis 
and insensitive effects have also been found in other plants, 
such as Hordeum vulgare (Aery and Rana 2003), Bras-
sica juncea (Singh and Tewari 2003), and Pennisetum ssp. 
(Zhang et al. 2010). The Cd stimulus indicated the pres-
ence of several detoxification mechanisms in plants against 
metal effects on plant physiology, for example, to prevent 

Fig. 3  Analysis of root, stem, and leaf Cd concentration of 31 genotypes exposed to 5 μM (A, C, E) and 20 μM (B, D, F) Cd for 4 weeks. Values 
are mean ± SD (n = 3, three plants for each replicate)
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poisoning, the Zn/Cd hyperaccumulator Thlaspi praecox 
Wulfen accumulated Zn and Cd in the vacuoles of epider-
mal and mesophyll cells (Vogel-Mikuš et al. 2008; Liu et al. 
2010). In addition, for two genotypes, 35–9 and 2324 geno-
types, low Cd caused inhibited growth, whereas high Cd 
caused increasing biomass, indicating those two genotypes 
displayed the divergent response to different Cd treatments 
(Fig. 2G–I). Their mechanisms need further investigation. 
Nevertheless, our results indicated significant differences 
among species and cultivars within species in the capability 
of accumulating heavy metals, and most species of Salix spp. 
can tolerate Cd stress.

In our hydroponic experiments, Cd concentrations in 
roots of all 31 willow genotypes were significantly higher 
than stems or leaves when exposed to 5 μM or 20 μM Cd for 
4 weeks (Fig. 3). The root Cd content ranged from 186.45 
to 958.35 μg/g. Similarly, the highest Cd concentrations in 
stems and leaves were also 3–4 times more than the lowest 
(Fig. 3). Similar results have also been observed in other 
plant species. For example, Soudek et al. (2014) found that 
the highest Cd concentration in roots or shoots of five sor-
ghum cultivars was subjected to 200 μM Cd in a hydroponic 
environment for 28 days, with the highest cultivar being 
about two times higher than the lowest. Sorghum genotypes 
had Cd uptake and accumulation concentrations ranging 
from 19.0 to 202.4 mg/kg in shoots and 277.0–898.3 mg/kg 
in roots (Jia et al. 2017). Compared with roots, the Cd con-
centrations in stems and leaves were confined within narrow 
margins compared with that in roots (Fig. 3). Those results 
indicated that stable levels of Cd taken up by roots could be 
transported to the shoots. However, for phytoextraction, gen-
otypes with high accumulation in shoots are needed. Thus, to 
increase the effectiveness of phytoremediation using willow 
species, a technique to promote Cd transport from the root to 
the shoot will be used. In this regard, hybrid 2372, 51–3, and 

1052 (S. albertii × S. argyracea) had the potential to be used 
as candidate materials for remediation of high Cd pollution 
environment (Figs. 4 and 5).

Hydroponics screening provided a preliminary assess-
ment of Cd phytoextraction capacity for willows (Watson 
et al. 2003). The results of correlation analysis showed a 
positive relationship between Cd accumulation per plant 
and root Cd accumulation (Fig. 6). In hydroponics screen-
ing, the dry weight of ground tissues was much higher than 
the root biomass (Fig. S1). Additionally, because root Cd 
levels are easier to be tested, it could serve as a more sig-
nificant indicator of willow's ability to extract Cd compared 
to other variables and could be used to forecast willow's 
capability for phytoremediation. Results of correlation 
analysis of Cd translocation factor between root, shoot, 
or whole plant Cd accumulation indicated that there was a 
negative or no relationship between most of them (Fig. S3). 
The poor uptake of Cd to shoots in the majority of spe-
cies and genotypes was consistent with earlier studies on 
metal uptake in hydroponically grown willows (Dickinson 
et al. 1994; Punshon and Dickinson 1997; Kuzovkina et al. 
2004). Metal tolerance in these species/clones appeared 
to be linked to a restricted transfer to shoots to protect 
photosynthesis-related plant organs (Landberg and Greger 
1996). Those results also indicated that the Cd transloca-
tion factor is not a good indicator of Cd accumulation in 
willow species.

Implications and limitations

Based on our studies, the patterns of willow biomass varia-
tion response to Cd were generalized, which laid the foun-
dation for understanding the physiological mechanisms of 
Cd accumulation in woody plants. Meanwhile, genotype 
2372, 51–3, and 1052 obtained from a cross between S. 

Fig. 4  Analysis of total Cd accumulation of 31 genotypes exposed to 5 μM Cd (A) and 20 μM Cd (B) for 4 weeks. Values are mean ± SD (n = 3, 
three plants for each replicate)
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albertii and S. argyracea exhibited both large biomass and 
high Cd accumulation capacities, which could be utilized in 
phytoremediation of Cd-contaminated soils. Additionally, 
root Cd levels served as a more significant indicator of wil-
low’s ability to extract Cd, which provided guidance for the 
hydroponics screening of high Cd-accumulating and tolerant 
willow genotypes. Our results can facilitate the restoring of 
Cd contaminated soil by willows. Nevertheless, our study 
clearly has limitations.

Hydroponics has been recognized as an efficient and rapid 
approach to evaluating considerable plants for phytoreme-
diation (Watson et al. 2003). However, the plants screened in 
hydroponics or in the field were not well correlated. Mean-
while, in our research, the performance of Cd accumula-
tion among 31 willow genotypes was evaluated in 4 weeks. 
Considering the limited time of Cd treatment, the results of 
screening needed to be confirmed in the long term and in 
Cd-contaminated soil/field. In addition, our results, which 

Fig. 5  Analysis of the relative 
amount of Cd in the root, 
stem, and leaf of 31 genotypes 
exposed to 5 μM Cd (A) and 
20 μM Cd (B) for 4 weeks. Val-
ues are mean ± SD (n = 3, three 
plants for each replicate)
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indicate that Cd accumulation in roots, rather than in leaves 
and/or stems, served as a biomarker for evaluating the Cd 
extraction capacity, should be further tested among a diverse 
range of willow species in Cd-contaminated field.

Conclusion

In this study, Cd accumulation and tolerance in 31 Salix geno-
types were investigated at different Cd levels. According to 
the response of 31 shrub Salix genotypes to Cd, we found 
four models: insensitive to Cd, high Cd inhibition, high Cd 
induction, and the U-shape. Moreover, the root Cd levels had 
a linear relationship with the shoot Cd accumulation and total 
Cd accumulation of the whole plant, which could be used 
for reference in the screening of phytoremediation materials.
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