
1

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20329  | https://doi.org/10.1038/s41598-021-99657-3

www.nature.com/scientificreports

Induction of hormesis in plants 
by urban trace metal pollution
Mirko Salinitro, Gaia Mattarello, Giorgia Guardigli, Mihaela Odajiu & Annalisa Tassoni*

Hormesis is a dose–response phenomenon observed in numerous living organisms, caused by low 
levels of a large number of stressors, among which metal ions. In cities, metal levels are usually below 
toxicity limits for most plant species, however, it is of primary importance to understand whether 
urban metal pollution can threaten plant survival, or, conversely, be beneficial by triggering hormesis. 
The effects of Cd, Cr and Pb urban concentrations were tested in hydroponics on three annual plants, 
Cardamine hirsuta L., Poa annua L. and Stellaria media (L.) Vill., commonly growing in cities. Results 
highlighted for the first time that average urban trace metal concentrations do not hinder plant 
growth but cause instead hormesis, leading to a considerable increase in plant performance (e.g., 
two to five-fold higher shoot biomass with Cd and Cr). The present findings, show that city habitats 
are more suitable for plants than previously assumed, and that what is generally considered to be 
detrimental to plants, such as trace metals, could instead be exactly the plus factor allowing urban 
plants to thrive.

The term hormesis describes the biphasic response to a large spectrum of compounds observed in numerous 
living organisms (bacteria, plants, animals, etc.) and characterized by opposite effects exerted by low and high 
doses of the same  substance1–3. It is assumed that hormesis is an adaptive response to stress, possibly triggered 
by an initial disruption of homeostasis by low levels of biotic or abiotic stressors, often followed by a process 
of overcompensation aimed at re-establishing the previous  status1 and at protecting the organism through the 
stimulation of cellular defence  mechanisms4,5. However, behind this mechanistic interpretation there are complex 
reactions that still need  validation6. The induction of this adaptive response in plants, involves several steps such 
as perception and transduction of the stress-signal, and stimulation of the hormetic response at the transcrip-
tional and post-transcriptional  level7,8.

When an organism exhibits a hormetic response, this can be described either by a U-shaped (or J-shaped) or 
by an inverted U-shaped (or inverted J-shaped) curve, depending on the measured endpoints. If the endpoints are 
dysfunctional (such as for carcinogenesis and disease incidence), there will be a higher incidence in the control 
and at high levels of the tested substance, whereas it will be minimal at low doses, thus resulting in a U-shaped 
curve. Conversely, if the endpoints are related to normal functions (such as fertility or growth), an increase at 
low doses of the tested substance and a decrease in the control and at high doses will be detected, resulting in 
an inverted U-shaped  curve8,9.

Evidence of hormesis has been widely reported in the medical  field10–12 and plant  sciences13. Different physical 
or chemical agents have been shown to cause hormesis in plants, such as organic compounds (e.g., weedkill-
ers, formaldehyde), biological molecules (e.g., polyphenols), physical stressors (e.g., temperature, radiations) 
and  metals5,14–19. Furthermore, it was hypothesised a practical application of hormesis in agriculture, e.g., by 
making plants more resistant to adverse conditions (such as soil pollution and drought) while improving their 
 productivity5. For instance herbicides applied at very low concentrations, may increase plant  growth20 and seed 
 yield21, regulate the production of auxins, improve cation transport in the  rhizosphere22 and stimulate  CO2 
assimilation, transpiration, stomatal conductance and electron  transport23. However hormesis-based interven-
tions, by using sub-lethal doses of weedkillers as bio-stimulants applied at field  scale5, must take into considera-
tion possible side effects, like overdosing and the quality and safety of the final  product24. Hormetic effects have 
also been reported for a large number of plant  taxa19,25,26 as a reaction to low concentrations of metals, such as 
lanthanum, cadmium, chromium, which have been widely studied for their acute  toxicity8,27. For instance, 56 μM 
lanthanum (La) positively affected numerous biological parameters in plants, like biomass production, cell growth 
rate, chlorophyll content, peroxidase activity and flavonoid  content9,19,27. Similarly, the non-essential nutrient cad-
mium (Cd) has been demonstrated to increase the dry biomass of Lonicera japonica Thunb. by around 20–40%9.

Some main action mechanisms have been identified to be at the base of plant hormetic responses triggered 
by metal  ions28,29: (i) ionic interactions between different chemicals present in the soil (or in the liquid nutrient 
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solution) that can affect nutrient absorption in a positive or negative way; (ii) metal-induced specific defence 
reactions, such as activation of metal tolerance genes; (iii) metal-induced general defence reactions, triggered 
by the generation of reactive oxygen species (ROS) and leading to the activation of the antioxidant response, 
(iv) general increase in photosynthetic system efficiency, which determines the final hormetic stimulating effect 
(e.g., biomass increase).

Moderate levels of metal pollution are widespread in our cities, exposing plants growing in urban environ-
ments often to this type of stress. However, metal levels in urban soils are usually below the toxicity limits for most 
plant species (i.e., 0.4–0.8 mg/kg DW for Cd, 20–100 mg/kg DW for Pb, and 30–200 mg/kg DW for Cr)30–32. In 
addition, urban soils are often characterized by high pH and organic matter content, causing a strong reduction 
of metal ions availability.

Because of their low concentration and availability, it can be hypothesized that these metals not only do not 
cause harm to plants, but conversely can trigger hormetic responses enhancing plant performances. Conse-
quently, the aim of the present study was to assess whether Cd, chromium (Cr), and lead (Pb) at average urban 
concentrations can cause hormetic responses in plants. To test this hypothesis, plants of three weeds common to 
all urban habitats, Cardamine hirsuta L., Poa annua L. and Stellaria media (L.) Vill, were grown hydroponically 
with low doses of the chosen metal pollutants and their traits evaluated for hormetic responses. The hydroponic 
approach was chosen to exclude metal-soil interactions, that could cause uncontrolled changes in metal avail-
ability due to pH shifts, organic matter content and adsorption by soil particles. This way, it was possible to better 
link the hormetic response to the actual metal concentration in the nutrient solution.

Materials and methods
Species selection. For this study, three common annual species, Poa annua L. (Poaceae family, Fig. 1a), 
Cardamine hirsuta L. (Brassicaceae family, Fig. 1b) and Stellaria media (L.) Vill. (Caryophyllaceae family, Fig. 1c), 
were selected for their fast-growing habit, easiness of recognition and for widespread presence in urban habitats. 
Seeds of these species were collected in the Ticino Natural Park (Loc. Besate, Milan, Italy). This area is charac-
terized by undisturbed sandy soil, with low organic matter content, minimal anthropic pollution and low metal 
 concentrations33. The collection location was selected to avoid biases caused by plant populations that might 
have evolved metal tolerance or metal pre-adaptation. No permits were necessary for the collection of seeds and 
specimens of the selected species, since these plants are cosmopolitan species of no conservation interest and the 
collection site was outside of any protected area. The formal identification of the used species was carried out by 
M. Salinitro in collaboration with experts of the Botanical Garden of Bologna’s University. Voucher specimens 
of the selected species were collected and deposited at the Herbarium of the University of Bologna. The present 
study complies with relevant institutional, national, and international guidelines and legislation.

Plant growth and sample collection. Seeds were sown on a medium composed of 50% compost and 
50% coarse sand and then placed for 1 week at 4 °C for cold stratification. After stratification, seeds were kept 
at 22 °C with a 16–8 h light–dark photoperiod until germination. One week after germination, seedlings were 
transferred to the hydroponic system composed of six 18 L-plastic tanks, one used as a control and five dedicated 
to metal  treatments34. 15 plants (5 replicates per species) were grown together in each tank, thus subjected to 
interspecific and intraspecific competition. Half-strength Hoagland’s  solution35 was used as hydroponic nutrient 
solution (pH 6.0 ± 0.1). A 10% v/v replacement of the nutrient solution was performed every 2 days and the pH 
re-adjusted. Tanks were kept at 22 ± 1 °C and a 16–8 h light–dark photoperiod.

Five concentrations of Cd, Cr and Pb were selected based on the average urban levels reported for two Italian 
 cities30 and tested to assess their capacity to stimulate hormesis in the selected species. Cadmium was tested at 
0.5 µM, 0. 75 µM, 1 µM, 1.5 µM, and 2 µM concentrations; chromium at 5 μM, 10 μM, 25 μM, 50 μM, and 100 μM; 
and lead at 0.5 µM, 1 µM, 5 µM, 7.5 µM, and 15 µM. To spike each tank with the proper amount of metal, 0.1 M 
 CdCl2 * 2.5H2O, 0.1 M  CrCl3 *  6H2O, 0.1 M Pb-EDTA stock solutions were used.

Figure 1.  The three species used in the present study: (a) Poa annua L., (b) Cardamine hirsuta L., (c) Stellaria 
media (L.) Vill. Photographs by M. Salinitro.
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Plants were cultivated hydroponically for 4 weeks, a time period sufficient to allow the maximum vegetative 
development of plants before the beginning of flowering. During harvesting, shoots and roots were collected 
separately, grinded in liquid nitrogen to obtain a homogeneous powder and stored at − 80 °C. Sample aliquots 
(0.5 g of fresh weight, gFW) were oven-dried at 60 °C for 48 h until constant weight, and the amount of dry 
weight was determined (g of dry weight, g DW).

Trace metal quantification. Root or shoot powder (0.3 g DW) were placed in TFM (modified Polyte-
trafluoroethylene) digestion tubes for close vessel digestion, together with 6 ml of 69% (v/v)  HNO3 and 0.5 ml 
of 35% (v/v)  H2O2 (modified method from Tüzen36). The samples were subsequently subjected to a microwave 
digestion cycle of: 2 min at 250 W, 2 min at 400 W, 1 min at 0 W and 2 min at 600 W, and 33 min cooling. The 
quantification of total elements was carried out with a Spectro Arcos ICP-OES (inductively coupled plasma opti-
cal emission spectroscopy) (Ametek, Berwyn, Pennsylvania, US). The limits of quantification of the analyzed 
elements were 0.000373 mg/kg DW for Cd, 0.00042 mg/kg DW for Cr, 0.0017 mg/kg DW for Pb.

Plant traits measurement. After 4 weeks of cultivation, the number of nodes and the leaf area of each 
plant were measured. Plant node number was calculated differently depending on the species: in P. annua it 
was equated to the number of tillers generated by the primary plant; in C. hirsuta and S. media every node cor-
responded to the insertion point of 1 or 2 leaves, respectively. Nodes of lateral branches were never counted. To 
measure the leaf area, the first fully developed leaf (starting from the apex) of the main sprout was measured for 
all species. The chosen leaves were removed from the plant with their stalks and placed on a background card-
board square of known size (5 × 5 cm or 15 × 15 cm) under a transparent plastic film to prevent wrinkles. Pictures 
were taken with a camera and the leaf area was calculated with ImageJ software (https:// imagej. nih. gov/ ij/ downl 
oad. html). Every picture, cut at the dimension of the cardboard square, was converted to binary (only black and 
white pixels) to obtain a black leaf shape on a white background of known area (Fig. 2), white and black pixels 
were counted, and the leaf area was calculated as follows:

Photosynthetic pigment quantification. Total amount of photosynthetic pigments (sum of chloro-
phylls a and b and total carotenoids) was determined starting from 0.1 gFW of grinded plant  shoots34.

Leaf area
(

cm2
)

= black pixels ∗ cardboard area
(

cm2
)/

total pixels

Figure 2.  Binary transformation of leaves used to calculate leaf area, in the three tested species: (a–d) 
Cardamine hirsuta; (b,e) Poa annua; (c–f) Stellaria media. Photographs by M. Salinitro.

https://imagej.nih.gov/ij/download.html
https://imagej.nih.gov/ij/download.html
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Data analysis. Statistical analyses were performed using R software version 4.0.2. (https:// cran.r- proje ct. 
org/ bin/ windo ws/ base/). Data were organized in 3 datasets composed of 13 variables (columns) and 90 observa-
tions (rows), as in Supplementary Tables 1–3. The differences in metal uptake and plant growth parameters were 
evaluated for each tested metal, among the different treatments. The statistical analysis was performed using 5 
plants replicates all grown in the same treatment tank. Data were tested for normality using the Shapiro–Wilk 
normality test, and for homogeneity using the Levene’s test for homogeneity of variance, with default parameters 
from the package car (https:// CRAN.R- proje ct. org/ packa ge= car).

For parametric data, one-way ANOVA (p ≤ 0.05) followed by the post hoc Tukey HSD test (two-tailed) was 
performed to detect significant differences among groups. ANOVA p-values, f-values, and degrees of freedom 
are provided in the Supplementary Table 4, while p-values from post-hoc tests are reported in the results section 
where needed. A polynomial regression was applied to root and shoot dry weigh/plant and number of nodes/
plant variables, to graphically visualize the hormetic curve on plotted data. All graphical elaborations were per-
formed using the R package ggpubr (https:// CRAN.R- proje ct. org/ packa ge= ggpubr).

Results
Metal uptake. The uptake of Cd, Cr, and Pb in the three studied species after 4 weeks of hydroponic culture 
was determined in both roots and shoots (Table 1). Overall, in both organs, the amount of these metals increased 
with their increasing concentration in the nutrient solution (Table 1). The highest Cd accumulation in roots 
was observed at 2 μM in S. media (67.88 mg/kg DW), while in shoots the highest Cd concentration was found 
in P. annua (13.75 mg/kg DW). C. hirsuta and S. media showed lower amounts of Cd in shoots with maximum 
levels of 5.45 and 4.51 mg/kg DW, respectively. Cr accumulated most in C. hirsuta roots (20.25 mg /kg DW) 
and in S. media aerial parts (38.37 mg/kg DW) of plants subjected to 100 μM Cr. Finally, the highest Pb content 
was detected in P. annua roots (15.64 mg /kg DW) treated with 15 μM Pb and in C. hirsuta shoots treated with 
7.5–15 μM Pb (average of 5.80 mg/kg DW).

All species showed a bioaccumulation factor (BAF, shoot metal concentration/nutrient solution metal con-
centration) higher than 1, indicating an active uptake of these metals from the nutrient solution, followed by an 
accumulation in plant organs. Cd-treated plants showed the highest BAF values (on average 25.3, 36.1 and 20.7, 
respectively, for C. hirsuta, P. annua and S. media). Instead, BAF values were on average much lower for C. hirsuta, 
P. annua and S. media plants treated with Cr (7.1, 5.1, and 5.4, respectively) and Pb (4.2, 0.3 and 2.1, respectively).

Metal translocation from roots to shoots was particularly abundant in C. hirsuta, which showed average 
translocation factor (TF, shoot metal concentration/root metal concentration) values of 109.3 and 21.6, respec-
tively, for Cd and Pb, while P. annua and S. media were less efficient with average TF values of 0.64 and 0.07, 
respectively, for Cd, and of 6.5 and 1.6, respectively, for Pb. Cr translocated at a similar rate in all three species 
with an overall average TF value of 3.0.

Hormesis induced by cadmium. The tested Cd concentrations induced a marked hormetic response in 
C. hirsuta and P. annua, showing a strong influence on root and shoot dry biomass per plant and on the number 

Table 1.  Metal accumulation (mg / kg DW) in roots and shoots of the three tested species. Each value is the 
average of 5 biological replicates (n = 5) ± S.D (see detailed data met_root and met_shoot in Supplementary 
Tables 1–3). LoD, Limit of detection. Different letters indicate differences among groups after one-way ANOVA 
(p ≤ 0.05) (Supplementary Table 4) followed by post-hoc Tukey HSD test.

Species
Treatment Cd 
(μM)

Root (mg/kg 
DW)

Shoot (mg/kg 
DW)

Treatment Cr 
(μM)

Root (mg/kg 
DW)

Shoot (mg/kg 
DW)

Treatment Pb 
(μM)

Root (mg/kg 
DW)

Shoot (mg/kg 
DW)

Cardamine 
hirsuta

Control (0)  <  LoDa  <  LoDa Control (0) 0.075 ± 0.003a 3.78 ± 0.50a Control (0)  <  LoDa  <  LoDa

0.5  <  LoDa  <  LoDa 5 0.737 ± 0.091a 3.81 ± 0.31a 0.5  <  LoDa  <  LoDa

0.75 0.025 ± 0.004a 1.31 ± 0.26b 10 1.76 ± 0.15b 5.10 ± 1.90a 1 0.058 ± 0.013a 1.57 ± 0.32b

1 0.027 ± 0.007a 3.44 ± 0.36c 25 3.32 ± 0.16c 6.15 ± 0.52a 5 0.190 ± 0.027b 3.93 ± 0.49c

1.5 0.045 ± 0.003b 5.18 ± 0.35d 50 7.65 ± 0.36d 8.47 ± 0.59b 7.5 0.233 ± 0.032b 6.09 ± 0.27d

2 0.044 ± 0.006b 5.45 ± 0.39d 100 20.25 ± 0.77e 15.18 ± 2.33c 15 0.503 ± 0.089c 5.48 ± 0.40e

Poa annua

Control (0)  <  LoDa  <  LoDa Control (0) 0.053 ± 0.014a 1.69 ± 0.26a Control (0)  <  LoDa  <  LoDa

0.5 1.97 ± 0.48b 0.99 ± 0.19b 5 0.46 ± 0.05b 1.68 ± 0.26a 0.5 0.993 ± 0.658b  <  LoDa

0.75 3.16 ± 0.15b 1.46 ± 0.19b 10 1.09 ± 0.11c 2.63 ± 0.20a 1 2.50 ± 0.54c  <  LoDa

1 5.90 ± 0.37c 4.51 ± 0.53c 25 2.43 ± 0.12d 8.85 ± 0.95b 5 4.52 ± 0.49d 0.206 ± 0.020b

1.5 9.92 ± 0.18d 7.52 ± 0.57d 50 2.73 ± 0.15d 12.52 ± 0.99c 7.5 7.57 ± 1.40e 0.541 ± 0.098c

2 19.18 ± 1.68e 13.75 ± 0.96e 100 10.36 ± 0.43e 13.05 ± 0.86c 15 15.64 ± 2.26f. 1.27 ± 0.18d

Stellaria media

Control (0)  <  LoDa  <  LoDa Control (0) 0.008 ± 0.001a  <  LoDa Control (0)  <  LoDa  <  LoDa

0.5 0.068 ± 0.010a  <  LoDa 5 0.54 ± 0.03a  <  LoDa 0.5  <  LoDa 0.068 ± 0.010a

0.75 0.07 ± 0.01a 1.75 ± 0.04b 10 1.21 ± 0.09b 2.95 ± 0.75b 1 0.167 ± 0.058a 0.677 ± 0.329a

1 34.09 ± 6.41b 2.77 ± 0.29c 25 2.62 ± 0.25c 9.02 ± 0.89c 5 3.22 ± 0.33b 2.47 ± 0.49b

1.5 51.00 ± 2.00c 2.97 ± 0.51c 50 3.84 ± 0.07d 25.54 ± 1.59d 7.5 5.11 ± 0.26c 4.18 ± 0.34c

2 67.88 ± 4.21d 4.51 ± 0.28d 100 16.37 ± 0.64e 38.37 ± 3.73e 15 6.80 ± 0.42d 4.89 ± 0.43d

https://cran.r-project.org/bin/windows/base/
https://cran.r-project.org/bin/windows/base/
https://CRAN.R-project.org/package=car
https://CRAN.R-project.org/package=ggpubr
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of nodes (Fig. 3). In particular, C. hirsuta root dry weight/plant (Fig. 3a) increased about 20-fold from control 
(0.003 g DW/plant) to 0.75 μM Cd (0.06 g DW/plant) (p ≤ 0.01), to return to control levels (0.003 g DW/plant) at 
2 μM Cd. A similar pattern was observed for C. hirsuta shoot dry weight/plant (Fig. 3b), which showed an aver-
age three-fold higher value at 1 μM Cd (0.97 g DW/plant), compared to the control (0.29 g DW/plant) and 2 μM 
Cd (0.34 g DW/plant) (p ≤ 0.01). In both species a significant trend in root/shoot DW ratio was observed. In C. 
hirsuta root/shoot ratio was 0.9 at 0.75 μM Cd compared to the 0.01 in control and 2 μM Cd samples, similarly 
in P. annua the ratio was 0.1 in 0.75 1 μM Cd compared to 0.06 in control and 2 μM Cd samples. The number of 
nodes per plant almost doubled at 0.75 μM Cd (41.6 nodes/plant) compared to the control (23.4 nodes/plant) 
and 2 μM Cd (20.2 nodes/plant) (p ≤ 0.01) (Fig. 3c). Cd treatments did not affect total photosynthetic pigments 
content and leaf area (averages of 160 mg/kg FW and 14.7  cm2, respectively, details in Supplementary Table 1).

Poa annua was largely affected by Cd treatments, expressing a marked increase of all measured morphological 
traits (root and shoot dry weight/plant, number of nodes, leaf area, total amount of photosynthetic pigments) at 
Cd concentrations between 0.5 and 1 μM, showing a typical reverse U-shaped curve (Fig. 3d–f, Supplementary 
Table 1). On the other hand, S. media did not show a specific hormetic response linked to Cd treatments for any 
of the analysed variables (Fig. 3g–i, Supplementary Table 1).

Hormesis induced by chromium. Hormesis induced by chromium was observed in all tested species, 
with a two to four-fold increase with respect to the control in shoot and root dry weight/plant at concentrations 
between 10 to 50 μM (Fig. 4).

Root dry weight in C. hirsuta (Fig. 4a), for example, ranged from 0.003 g DW/plant in the control to an aver-
age of 0.023 g DW/plant at Cr concentrations between 10 and 50 μM, to decrease again to 0.001 g DW/plant at 
100 μM Cr (p ≤ 0.01). Shoot biomass and number of nodes per plant showed similar patterns (Fig. 4b,c, Sup-
plementary Table 2). Conversely, total photosynthetic pigments and leaf area were not significantly influenced 
by Cr with averages of 146.3 mg/kg FW and 0.6  cm2, respectively, in all treatments.

Cr treatment also affected P. annua growth, with a marked hormetic effect on root and shoot dry weight/
plant and number of nodes observed at intermediate Cr concentrations (10–50 μM) (Fig. 4d–f, details in Sup-
plementary Table 2). The highest content of photosynthetic pigments was detected in control and 100 μM Cr 
samples (181.3 mg/kg FW), while lower values were measured at 10–25 μM concentrations (average of 142.1 mg/
kg FW) (p ≤ 0.01). Leaf area varied among treatments with no clear trends.

Figure 3.  Effect of cadmium on root and shoot dry biomass (g DW/plant) and number of nodes per plant in 
Cardamine hirsuta (a–c) Poa annua (d–f) and Stellaria media (g–i). A polynomial regression (dashed line) was 
applied to visualize the presence/absence of a hormetic curve. Each treatment is represented by 5 biological 
replicates (n = 5) (Supplementary Table 1). Drawings of plants by G. Mattarello.
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S. media showed a marked hormetic effect but also toxicity symptoms in response to Cr. In fact, plants sub-
jected to 100 μM Cr exhibited toxicity, with lower values of root and shoot biomass and number of nodes than 
the control (Fig. 4g–i, Supplementary Table 2). On the contrary, total photosynthetic pigments content increased 
in plants grown at Cr concentrations of 50 and 100 μM to levels (average 108.2 mg/kg FW) comparable to the 
control (128.9 mg/kg FW) (p ≤ 0.05). Leaf area was not affected by Cr treatments (Supplementary Table 2).

Hormesis induced by lead. At the tested concentrations, Pb did not induce hormesis in any of the stud-
ied species, however, plant growth was affected in different ways. In C. hirsuta, concentrations between 1 and 
5 μM slightly increased root and shoot dry weight (+ 32% and + 21%, respectively) and node number (+ 15%) 
(Fig. 5a–c, Supplementary Table 3) compared to control conditions. However, when tested with ANOVA, these 
differences resulted non-significant (p = 0.162, p = 0.119, and p = 0.968, respectively).

In P. annua, the stimulatory effect on the three analysed variables ranged from two to fivefold increases in 
plants treated with Pb concentrations between 7.5 and 15 μM (p ≤ 0.01) (Fig. 5d–f). A similar pattern was detected 
in S. media, although the stimulatory effect was lower compared to that of P. annua and limited to shoot dry 
weight/plant in 15 μM Pb-treated plants (+ 115% compared to the control, Fig. 5h). Conversely, in S. media the 
number of nodes (Fig. 5i) was not affected by Pb treatment, with an average of 10.2 nodes/plant in all treatments. 
Total photosynthetic pigments content and leaf area did not vary under the different Pb treatments, with average 
values of 107.57 mg/kg FW and of 5.85  cm2, respectively (Supplementary Table 3).

Discussion
The presented data demonstrated that low concentrations of the toxic metals Cd, Cr and Pb, comparable to those 
found in urban soils, can trigger hormesis at various degrees in P. annua, S. media and C. hirsuta. The presence 
of low levels of toxic metals in urban soils could, therefore, make these plant species more resilient and able to 
survive in anthropic environments (this concept is summarised in Fig. 6). To better highlight only the effects 
caused by the supplied stressors, plants were grown in hydroponic culture allowing for a strict control of metal 
availability and nutrient supply in the liquid medium and avoiding experimental biases due to element seques-
tration or pH changes that could happen when working with  soil37.

Overall, Cr induced the most striking hormetic response (hormesis observed in all species) (Fig. 4), followed 
by Cd (hormesis observed in C. hirsuta and S. media) (Fig. 3), while Pb did not cause a clear hormetic response. 

Figure 4.  Effect of chromium on root and shoot dry biomass (g DW/plant) and number of nodes per plant 
in Cardamine hirsuta (a–c), Poa annua (d–f) and Stellaria media (g–i). A polynomial regression (dashed line) 
was applied to visualize the presence/absence of a hormetic curve. Each treatment is represented by 5 biological 
replicates (n = 5) (Supplementary Table 2). Drawings of plants by G. Mattarello.
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Figure 5.  Effect of lead on root and shoot dry biomass (g DW/plant) and number of nodes per plant in 
Cardamine hirsuta (a–c), Poa annua (d–f) and Stellaria media (g–i). A polynomial regression (dashed line) was 
applied to visualize the presence/absence of a hormetic curve. Each treatment is represented by 5 biological 
replicates (n = 5) (Supplementary Table 3). Drawings of plants by G. Mattarello.

Figure 6.  Proposed hormesis effect caused by urban metals on plant growth. Drawings by G. Mattarello.
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In fact, despite a biomass stimulation observed in all species in the presence of Pb, only P. annua and S. media, 
showed what was interpreted as the first half of a conceivable inverted U-shaped hormetic curve (Fig. 5).

The effects of the three tested metals varied substantially among species, causing hormesis at different levels. 
This trend has previously been observed, suggesting that the same hormetic dose of different stressors (e.g., 
glyphosate or Cd micro-doses) can induce both stimulatory and inhibitory effects depending on the plant 
 species8,38.

Biomass increase was the clearest sign of hormesis occurring, in fact, when treated with 0.75 μM Cd, C. hirsuta 
shoot biomass more than doubled, while root biomass increased almost 20 times compared to control treatment. 
A similar effect was observed in P. annua, with shoot and root biomass increasing 1.5 and 5 times, respectively, 
when kept at 0.75 μM Cd compared to control and 2 μM treatments (Fig. 3d,e). In agreement with our findings, 
a substantial biomass increase was reported for Spirodela polyrrhiza L. treated with 1 μM  Cd25.

In general, cadmium preferentially accumulated in roots (i.e., averages of 3.7 mg/kg DW in roots and 2.3 mg/
kg DW in shoots of P. annua treated with 0.5-1 µM Cd, Table 1), which could partially explain the general 
stronger biomass increase in roots compared to shoots (Fig. 3d). A general root volume, biomass and length 
increase was reported for several species under Cd  treatment29. Similarly, studies on Camellia sinensis dem-
onstrated that the hormetic effect was more pronounced in roots compared to shoots (74% and 27% biomass 
increase, respectively) and proportional to the metal concentration detected in these  organs26.

The 100% increase in the number of nodes per plant produced after 4 weeks of cultivation of C. hirsuta and 
P. annua demonstrated a higher growth rate in plants treated with 0.5–1 µM Cd compared to control and 2 µM 
Cd treatments (Fig. 3f). Similarly, it was observed that root elongation in Brassica napus treated with 5 to 15 μM 
Cd was faster compared to untreated  plants39. The presented data, therefore, confirm that plants treated with 
hormetic doses of a stressor increase cell division and cell elongation rate, possibly due to reduced cell wall 
rigidity as previously  reported22,40.

In P. annua, despite the better performance in biomass production, Cd had negative effects on the production 
of photosynthetic pigments, which was higher in control treatment but steadily decreased with increasing Cd 
concentrations. In contrast with our findings, the biomass increase is usually associated with a higher chloro-
phyll content and enhanced efficiency of the photosynthetic  system29. However, similar results were reported for 
Spirodela polyrrhiza plants, which showed a reduction in photosynthetic pigment content when treated with Cd 
concentrations above 0.5 µM, although biomass production  increased25. It can be speculated that Cd-induced 
hormesis was the consequence of an over-compensatory response, which did not completely recover the damage 
caused by the metal. In fact, it has been widely  reported41,42 that plant exposure to Cd strongly affects chlorophyll 
and carotenoid concentrations in leaves, as this metal can competitively bind to the Ca-binding sites of PSII, 
inactivating the water-splitting system. According to  Calabrese2, the reaction to damage occurring in one part of 
the plant can influence the growth of other sections of the organism. Therefore, even if the plant fails in repairing 
the damage (i.e., chlorophyll suppression), the action undertaken could have benefits for other plant functions, as 
was here observed for P. annua under Cd exposure (Fig. 3). Generation of ROS linked to metal-related oxidative 
stress could be identified as responsible for the hormetic over-compensatory  response25,26,28. In fact, increased 
plant growth was reported to be connected to ROS production, in particular hydrogen peroxide, which acts as a 
signalling molecule allowing inward water transport in young cells and causing cell  expansion5.

Exposure to low doses of Cr clearly had beneficial effects in all the tested species, nonetheless, this metal 
caused toxicity at concentrations around 100 μM (Fig. 4). A complete inverse U-shaped hormetic curve was 
observed, going from no effects in the control to beneficial effects at intermediate concentrations (5–50 μM Cr), 
followed by toxicity at 100 μM Cr. In particular, toxicity given by the highest Cr concentration resulted in a 25% 
and 58% biomass reduction in C. hirsuta and S. media shoots, and an 81% biomass decrease in P. annua roots 
(Fig. 4b,h,d). Strong root growth inhibition has been previously observed in Allium cepa L. bulbs treated with 
Cr at concentrations between 50 and 200 μM  Cr27. On the other hand, Cr showed a great potential in stimulat-
ing hormesis at intermediate concentrations (5–50 μM). C. hirsuta root and shoot dry weights/plant were on 
average three to fivefold higher in Cr-treated plants at 5–50 μM compared to the control. Biomass growth was 
more affected in shoots than in roots, as Cr was actively transferred to the aerial parts, resulting in concentra-
tions 130% higher in shoots compared to roots (Table 1), again in agreement with reports directly relating this 
effect to metal accumulation  levels26 and, to this extent, to our Cd data. P. annua and S. media also showed a 
clear increase in shoot biomass (128% and 115%, respectively) when treated with 5–25 μM Cr. In accordance 
with our results, other studies have reported the occurrence of beneficial effects of low doses of Cr. A study on 
Mentha piperita reported an increase of 51% and 71% in vegetative biomass, compared to control treatment, when 
applying 30 mg/kg and 60 mg/kg of Cr, respectively, to the  soil43. Solanum nigrum shoot fresh weight increased 
by 38% compared to the control when treated with 1 μM  Cr44. This research also showed that S. nigrum growth 
stimulation was favoured by enhanced absorption of essential nutrients as well as by increased antioxidant activ-
ity. In fact, it has been previously  demonstrated34,45 that also in P. annua and S. media, grown in hydroponics 
with a wide range of metals (among which Cd, Cr, and Pb), the increase in antioxidant activity and polyphenols 
content was strictly linked to the metal concentration in the nutrient solution.

Cr enhanced the growth rate of all the studied species, with more leaves and more branches produced in the 
same cultivation period. S. media node number increased by 80% when plants were treated with 5–25 μM Cr. 
At similar doses, hormesis has been observed in other species, such as Allium cepa27, which showed maximum 
root stimulation at 6.25 μM Cr, or Pisum sativum46, which exhibited a 18% increase of root length when exposed 
to 20 μM Cr, compared to control plants.

In general, Cr treatments did not induce any effect on leaf area or photosynthetic pigments content, with 
exception of S. media, which showed a decrease in photosynthetic pigments content between 5 and 25 μM Cr 
(average 108.2 mg/kg FW), followed by an increase at 50 and 100 μM Cr, returning to levels comparable to the 
control treatment (average 128.9 mg/kg FW) (Supplementary Table 2). An increase in chlorophyll content was 
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also reported for corn  plants47 grown at 50–1000 μM Cr, showing, in agreement with present results, that at 
100 μM Cr, the pigment content was equal to or slightly higher than that of the control. Photosynthetic pigment 
increase was also reported for several other plant species (such as Picris divaricata6 and Dianthus carthusiano-
rum48) subjected to 1 to 3 μM Cd treatments. Pb treatments did not lead to a clear hormetic response in any of 
the chosen species (Fig. 5). Although this metal caused significative growth stimulation in P. annua, the tested 
concentrations (0.5–15 μM) were not sufficient to induce a complete hormetic response, as only a half inverted 
U-shaped curve could be observed (Fig. 5d–i). No information could be collected regarding the concentrations 
at which Pb is able to induce the maximum hormetic response or cause toxicity. In C. hirsuta, a slight increase 
in root and shoot biomass (not statistically significant, p = 0.162, p = 0.119) was detected between 1 and 5 μM 
Pb (Fig. 5a,b). The observed phenomenon could anyhow be ascribable to a hormetic response, as previously 
documented in  maize49, in which a significant stimulation of shoot elongation (+ 27% compared to control) was 
detected in plants exposed to 5 µM Pb. Conversely, in P. annua and S. media a consistent increase in biomass 
was detected at the highest Pb concentration (15 μM); therefore, it can be speculated that a complete hormetic 
curve is possible but not under the tested Pb doses. Present results, in fact, are in agreement with data on Arabis 
paniculata50, which showed the highest plant biomass increase (+ 17% for shoots and + 43.2% for roots, compared 
to the control) at 48 µM Pb (3-times higher than the maximum concentration here tested), followed by a decrease 
at 97–386 µM Pb, thus resulting in a complete inverted U-shaped hormetic curve.

The presented results highlighted that, despite the intrinsic toxicity of the studied metals, these elements can 
also be beneficial to plants, if present at low concentrations in the nutrient solution. Considering the levels of 
Cd, Cr and Pb found in urban  environments30–32, we can conclude that these concentrations are not harmful to 
plants, but instead can stimulate their growth inducing hormesis, although the specific thresholds at which each 
metal can cause hormesis or toxicity remain difficult to establish with certainty. Our results reported hormesis 
happening at a narrow concentration window (0.5–1 μM Cd, 5–50 μM Cr), hence, under environmental condi-
tions, a change in element availability (i.e., due to a pH shift)37 can easily turn beneficial effects into toxicity. Root 
and shoot biomass can be considered the best traits indicating the insurgence of hormetic responses in plants, but 
the extent to which these parameters increase varies among species and types of stressors applied. In relation to 
trace metals, the present study showed that beneficial concentrations widely vary among tested metals and that 
interspecific diversities lead to different reactions in plants subjected to the same metal treatment. Furthermore, 
the effects of each metal were here singularly evaluated, whereas in urban environments several could be present 
simultaneously in the soil. Thus, interactions between different ions must also be taken into consideration. To 
further complicate the situation, urban plant communities are extremely diversified and rich in species. Never-
theless, in the light of the present findings, it can be speculated that urban metal pollution previously considered 
detrimental to plant organisms could instead be exactly the plus factor allowing urban plants to thrive.

Data availability
The datasets generated or analysed during this study are included in this article and its supporting materials.
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