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Abstract
Hemp (Cannabis sativa L.) is a promising crop for non-food agricultural production on soils contaminated by moderate 
doses of heavy metals, while silicon, as a beneficial element, is frequently reported to improve stressed plant behavior. Using 
a hydroponic system, plants of Cannabis sativa (cv. Santhica 27) were exposed for 1 week to 100 µM Zn in the presence or 
absence of 2 mM Si. Zinc accumulated in all plant organs but was mainly sequestered in the roots. Additional Si reduced 
Zn absorption but had no impact on Zn translocation. Zn accumulation had a slight negative impact on leaf number, stem 
length, and chlorophyll content, and additional Si did not mitigate these symptoms. Exogenous Si reduced the Zn-induced 
membrane lipid peroxidation (assessed by malondialdehyde quantification) and increased the total antioxidant activities 
estimated by the FRAP index. In the absence of Si, leaf phytochelatin and total glutathione were the highest in Zn-treated 
plants and Si significantly decreased their concentrations.
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Introduction

Increasing numbers of agriculturally used areas are contam-
inated by anthropogenic-derived heavy metals (HM) (Ali 
et al. 2013; Linger et al. 2002). Management of these areas 
constitutes a major environmental challenge since toxic ele-
ments absorbed by cultivated plants may contaminate the 
food chain and represent a major risk for human health (Lin-
ger et al. 2002; Muthusaravanan et al. 2018). These areas 
are therefore no longer suitable for food crop production. 
Other crop species may be used for bioenergy production 

but considering HM phytotoxicity, resistance mechanisms 
have to set up to mitigate their deleterious impacts on plant 
metabolism. Moreover, the repair of toxic-associated dam-
ages consumes metabolic energy which cannot be affected 
for growing processes and this often leads to a decrease in 
biomass production (Kim et al. 2017; Shahid et al. 2019). 
Consequently, the costs associated with environmental pol-
lution are potentially enormous (Etesami and Jeong 2018).

Several approaches exist to reduce soil pollution. Phy-
toremediation, based on the ability of plants to extract, 
degrade, or immobilize various contaminants from polluted 
soils, appears as an interesting and ecologically friendly 
alternative to the traditional remediation strategies (Kurade 
et al. 2021). However, it still faces some limitations: HM 
hyper-accumulating plants are able to accumulate high con-
centrations of toxic elements in their aboveground parts 
but clean up only the soil surface because of their shallow 
root systems. Moreover, they produce low shoot biomass, 
so that the amounts of elements extracted from the soil 
remain extremely low (Khan et al. 2000; Muthusaravanan 
et al. 2018). The possibility of combining phytoremediation 
and non-food production, with the view of achieving low-
price decontamination of soil by the production of a com-
mercially usable resource, arouses more and more interest 
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(Vareda et al. 2019; Kanwar et al. 2020; Kurade et al. 2021). 
The implementation of this strategy requires the selection 
of fast-growing crops with high HM uptake and tolerance 
mechanisms to accumulated HM. Among plants producing a 
high aboveground biomass and a deep root system, Cannabis 
sativa is a multi-purpose promising crop widely employed 
in many types of non-food industries (Citterio et al. 2003; 
Schluttenhofer and Yuan 2017; Yang et al. 2020; Zhao et al. 
2020). The plant indeed provides cortical fiber mainly used 
in paper industry and for manufacture of various products 
(composites, insulators, reinforced thermoplastics), while 
hurds present in the central part of the stem are used as 
animal litter and for building materials such as hempcrete 
(Deleuran and Flengmark 2006). Hemp would also be able, 
to a certain extent, to reduce Cu, Cd, and Pb contamination 
in polluted soils, making it a good candidate for soil phy-
toremediation (Angelova et al. 2004; Bona et al. 2007; Shi 
et al. 2009 and 2012; Ahmad et al. 2016; Kumar et al. 2017; 
Wu et al. 2021).

Zinc is an essential element for all living organisms 
and it assumes key biological functions during plant 
growth and development, acting as a cofactor for numer-
ous enzymes and being integrated in the electron trans-
port chain within mitochondria and chloroplasts (Zlobin 
2021). The natural origin of zinc in soils comes from a 
chemical and physical degradation of the parent rock. 
The lithosphere typically contains between 70 and 80 mg 
of Zn per gram of soil, while the sedimentary rocks con-
tain 10–120 μg g−1 Zn (Sun et al. 2022). Although Zn 
occurs naturally, it could also be inadvertently introduced 
to soils through anthropogenic activities such as min-
ing, metallurgical and petrochemical industries, fertiliz-
ers, and pesticides leading to toxic accumulation of this 
element (Liu et al. 2018; Luo et al. 2022). In Europe, 
approximately 137,000 km2 of agricultural lands have 
been estimated to be contaminated by HM to a certain 
degree, among which Zn is by far the most abundant 
(Tóth et al. 2016).

Zinc excess has a detrimental effect on plant growth 
(Zlobin 2021). It affects the plant water status and compro-
mises photosynthesis through a decrease in pigment con-
centration and reduce stomatal conductance, and it alters 
respiration and nitrogen metabolism (Cambrollé et al. 2013; 
Emamverdian et al. 2015; Luyckx et al. 2019). It was also 
reported to affect absorption and translocation of other 
essential elements. Zinc toxicity damages not only the mem-
branes and proteins but also the genetic material through 
association with phosphate group of DNA (Andrejić et al. 
2018; Bokor et al. 2014; Zlobin 2021). Although Zn is a non-
redox heavy metal, overgeneration of reactive oxygen spe-
cies (ROS) may be possible due to metabolic disturbances in 
numerous metabolic pathways. In order to cope with oxida-
tive stress, plants may produce antioxidant molecules among 

which glutathione plays a key role (Goodarzi et al. 2020). 
Moreover, glutathione acts as a precursor of phytochela-
tins which are cysteine rich peptides able to bind HM and 
sequester those complexes in the vacuole avoiding the toxic 
effects of free HM in cytosol and organels (Fan et al. 2018; 
Tennstedt et al. 2009). Growth inhibition occurring in Zn-
treated plants may be regarded as the ultimate consequence 
of modifications in numerous physiological properties but 
other modifications may occur after plant growth inhibition 
occurs. Hence, analyzing the plant behavior before growth 
inhibition occurs may help us to identify the key properties 
responsible for such subsequent growth decrease.

To enhance crop growth and help the plant to cope with 
HM toxicity, the use of silicon (Si)-fertilizer is predicted to 
become a sustainable strategy and constitutes an emerging 
trend in agriculture (Etesami and Jeong 2018). Silicon is a 
non-essential element but it can contribute to improve the 
behavior of plant exposed to wide range of environmental 
constraints, including HM (Doncheva et al. 2009; Adrees 
et al. 2015; Imtiaz et al. 2016; Etesami and Jeong 2018). 
As far as hemp is concerned, Si was shown to mitigate the 
deleterious effect of salt (Berni et al. 2021) and Cd (Luyckx 
et al. 2021a) toxicities, but Si impact on Zn-exposed plants 
requires additional experiments. Si can also accumulate 
within the parietal structures where it is present in the form 
of orthosilicic acid and contribute to reinforce the mechani-
cal properties of the cell wall polymers (Kröger and Poulsen 
2008). As far as hemp fibers are concerned, silica treatments 
after harvest also provide technical advantages such as mois-
ture buffering properties or acting as a fire retardant (Branda 
et al. 2016; Jiang et al. 2018).

The present work was therefore undertaken in order to 
evaluate the impact of a toxic dose of Zn on Cannabis sativa 
cultivated in the presence or absence of exogenous Si. Zn 
accumulation was quantified in different plant organs. The 
impacts of toxic ions on mineral nutrition, photosynthesis, 
and oxidative stress were recorded before growth inhibition 
occurs in order to identify physiological properties involved 
in early response of plant to Zn stress.

Material and methods

Plant material and growing conditions

Seeds of a monoecious hemp fiber cultivar (Cannabis sativa 
cv. Santhica 27) were sown in loam substrate in greenhouse 
conditions. After 1 week, the obtained seedlings were trans-
ferred to nutrient Hoagland solution (in mM: 2.0 KNO3, 
1.7 Ca(NO3)2, 1.0 KH2PO4, 0.5 NH4NO3, 0.5 MgSO4, 17.8 
Na2SO4, 11.3 H3BO3, 1.6 MnSO4, 1 ZnSO4, 0.3 CuSO4, 
0.03 (NH4)6Mo7O24, and 14.5 Fe-EDDHA) in 5-L tanks: 
for each tank, the seedling was adapted to plugged hole in 
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a polystyrene plate floating at the top of the solution. Tanks 
were placed in a phytotron under fully controlled environ-
mental conditions (constant temperature of 24 ± 1 °C with a 
mean light intensity of 230 µmoles m−2 s−1 provided by Phil-
lips lamps (Philips Lighting S.A., Brussels, Belgium) (HPI-T 
400 W), a photoperiod of 16 h under a relative humidity 
of 65%). After a week of acclimatization, half of the tanks 
received Si in the form of H2SiO3 to a final concentration 
of 2 mM Si. Metasilicic acid was obtained from a pentahy-
drate sodium metasilicate (Na2SiO3 × 5 H2O) which was 
passed through an H+ ion exchanger resin IR 20 Amberlite 
type according to Dufey et al. (2014). Tanks were randomly 
arranged in the phytotron and nutrient solution was perma-
nently aerated by SuperFish Air Flow 4 pump. A week later, 
Zn was applied in the form of ZnCl2 (100 µM). The Zn and 
Si concentrations were chosen on the basis of our previ-
ous work (Luyckx al. 2021b). The pH of the solution was 
maintained at 5.5. Solubility of added Zn was confirmed by 
the Visual MINTEQ09 software. Four treatments were thus 
defined, considering the presence of Zn and the concomitant 
presence or absence of Si and will be hereafter designed as 
C (control: no heavy metals and no Si), CSi, Zn, and ZnSi 
(7 tanks per treatment).

Harvests were performed after a week of Zn exposure. 
Stem length and diameter, number of leaves, and main root 
length were considered. Roots were quickly rinsed in deion-
ized water for 30 s under gentle agitation just before har-
vest to remove ions from the free spaces: roots, stems, and 
leaves were then separated. Roots and leaves from a same 
treatment were pooled, quickly frozen in liquid nitrogen and 
then stored at − 80 °C until analysis, except subsamples of 3 
plants per treatment incubated in an oven at 70 °C for 72 h 
to estimate dry weight and water content and to determine 
ion content.

Physiological measurements

Before plant harvest, physiological measurements were 
performed on 5 plants per treatment, on the middle portion 
of the leaf blades constituting the second fully formed leaf 
from the top. Chlorophyll fluorescence was measured using 
a fluorescence monitoring system (Hansatech Instruments). 
Leaf portions were dark-adapted for at least 30 min. A satu-
ration pulse (18,000 µmol m−2 s−1) was then sent to the leaf. 
The leaf was subsequently exposed to a constant intensity 
of actinic light (600 µmol m−2 s−1) for 3 min, followed by a 
second saturating pulse of 18,000 µmol m−2 s−1. Maximum 
quantum yield of dark acclimated leaves (Fv/Fm), photo-
system II efficiency (ΦPSII), non-photochemical quenching 
(NPQ), and photochemical quenching (qP) was estimated 
according to Maxwell and Johnson (2000).

Leaf stomatal conductance (gs) was measured using an 
AP4 diffusion porometer (Delta-TDevices Ltd., Cambridge, 
UK). The instantaneous CO2 assimilation under ambient 
conditions (400 ppm CO2) (A) and instantaneous transpi-
ration (E) was measured using an infrared gas analyzer 
(LCA4 8.7 ADC, Bioscience, Hertfordshire, UK) with a 
PLC Parkinson leaf cuvette on intact leaves for 1 min (20 
records min−1) and an air flow of 3 mL min−1. All meas-
urements were performed between 12 a.m. and 2 p.m. The 
total chlorophyll (a + b) and carotenoid concentrations were 
measured according to Lichtenthaler (1987): 100 mg ground 
fresh samples was homogenized in 10 mL of cold acetone 
then centrifuged at 936 g for 10 min at 4 °C. Absorbance 
was measured on supernatant at 663.2 nm, 646.8 nm, and 
470 nm.

For osmotic potential determination (Ψs), the middle por-
tion of the leaf blades constituting the second fully formed 
leaves from the top was quickly collected from five plants, 
placed in Eppendorf tubes perforated with small holes, and 
immediately frozen in liquid nitrogen. Samples were then 
thawed 5 min at ambient temperature to rupture the mem-
branes. Freeze-thawing cycles were repeated three times. 
Then, each tube was then encased in a second intact Eppen-
dorf tube and centrifuged at 8000 g for 15 min at 4 °C. The 
osmolarity of the collected sap was analyzed with a vapor 
pressure osmometer (VAPRO® Vapor Pressure Osmometer 
5520).

Mineral concentration

Fresh matter was dried in an oven for at least 48 h until 
it reaches a constant weight: 50–100 mg dry matter (DM) 
was then digested in 68% HNO3 and acid evaporated to dry-
ness on a sand bath at 80 °C. Minerals were incubated with 
a mix of HCl 37% HNO3 68% (3:1) and the mixture was 
slightly evaporated and dissolved in distilled water. After 
filtration on Whatman no. 1 filter papers, cations and sulfur 
were quantified by inductively coupled plasma-optical emis-
sion spectroscopy (Varian, type MPX). For Si quantification, 
1 g DM was placed in an oven and heated to 500 °C for 
48 h. Ashes were then mixed with 0.4 g tetraborate and 1.6 g 
metaborate and heated to 1000 °C for 5 min. The obtained 
pellet was dissolved with 34% HNO3. Cations were quanti-
fied by inductively coupled plasma-optical emission spec-
troscopy (Varian, type MPX).

Translocation factor reflects the capacity of the plant to 
translocate HM from the root to the shoot and was estimat-
sed according to Luyckx et al. (2021a) (i) on the basis of the 
concentration expressed on a dry weight basis in each plant 
part (TFc) and (ii) on the basis of the total amount of the 
considered element (TFa).
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TFc	� Zn concentration in the shoot/Zn concentration in the 
root.

TFa	� Total Zn amount accumulated in the shoot / Zn accu-
mulated in the root.

The bioaccumulation factor (BF) considers the capacity 
of the plant to store heavy metals in relation to external con-
centration. Since a nutrient solution was used in the present 
work rather than a solid substrate, the Zn internal concen-
tration in the plant was estimated on a water content basis, 
considering the proportion of the different organs:

BF	� Zn concentration in the plant (mg·L−1)/Zn concentra-
tion in the solution (mg·L−1).

Malondialdehyde (MDA) content and total 
antioxidant activities

The level of lipid peroxidation in the control and Zn-treated 
plants was assessed from the concentration of malondialde-
hyde (MDA) as determined by the thiobarbituric acid (TBA) 
reaction (Heath and Packer 1968): 0.25 g of ground fresh 
samples was homogenized in 5 mL of 5% (w/v) trichloro-
acetic acid (TCA) containing 1.25% glycerol. The homogen-
ate was centrifuged (Sigma 3–30 K, Germany) at 12,000 g 
for 10 min at 4 °C and filtered on Whatman no. 1 filter paper. 
Two milliliters of TBA (0.67%) was added to 2 mL of super-
natant and the mixture was heated at 100 °C for 30 min. The 
reaction was stopped by placing the reaction tubes in an ice 
bath. The samples were centrifuged at 12,000 g for 1 min 
and their absorbance was measured at 532 nm (UV-1800 
Shimadzu, Belgium). The results were corrected by subtract-
ing the non-specific absorbance component as measured at 
600 nm. The concentration of MDA (nmol g−1 DW) was cal-
culated using an extinction coefficient of 155 mM−1 cm−1.

To estimate the total global antioxidant activity, ferric 
reducing ability of plasma (FRAP) was assayed accord-
ing to Benzie and Strain (1996) considering the ability of 
plant extract to reduce ferric to ferrous ions at low pH and 
to produce a colored ferrous-tripyridyltriazine complex 
which was spectrophotometrically detected at 593 nm: 1 g 
FM was frozen in liquid nitrogen, ground in the presence 
of 10 mL methanol, incubated during 12 h at 4 °C, and 
then centrifuged during 20 min at 10,000 g at 4 °C (Sigma 
3–30 K, Germany). Supernatant containing the hydrophilic 
fraction (AOAM) was stored at − 20 °C until analysis. Pel-
lets were dissolved in 10 mL dichloromethane, homog-
enized and incubated at 4 °C during 12 h, and centrifuged 
again at 10,000 g during 20 min (Sigma–30 K, Germany). 
The obtained supernatant corresponds to the hydrophobic 
fraction (AOAD) and was stored at − 20 °C. For the final 

analysis, 150 μL of each fraction was separately added to 
300 μL of freshly prepared FRAP reagent (25 mL acetate 
buffer pH 3.6, 2.5 mL of 2,4,6-tripyridyl-s-triazine, and 
2.5 mL FeCl3.6H2O 20 mM). Standard curve was established 
with Trolox (50–800 μM). The concentration was expressed 
in μM of trolox equivalents (TE) g−1 of fresh material.

Glutathione and total non‑protein thiols

For the reduced (GSH) and total (GSHt) glutathione quan-
tification, 200 mg of frozen samples was extracted and deri-
vatized by orthophthalaldehyde (OPA) according to Cereser 
et al. (2001). GSHt was quantified after a reduction step of 
oxidized glutathione (GSSG) by dithiotreitol. Extracts were 
filtered through 0.45-μm microfilters (Chromafil PES-45/15, 
Macherey–Nagel) prior to injection and OPA derivatives were 
separated on a reversed-phase HPLC column with an acetoni-
trile-sodium acetate gradient system and detected fluorimetri-
cally. Five microliters of sample was injected into a Shimadzu 
HPLC system (Shimadzu, ‘s-Hertogenbosch, The Netherlands) 
equipped with a Nucleodur C18 Pyramid column (125 × 4.6 mm 
internal diameter; 5 μm particle size) (Macherey–Nagel, Duren, 
Germany). Derivatives were eluted in acetonitril gradient 
in a 50 mM sodium acetate buffer pH 6.2 at 30 °C at a flow 
rate of 0.7 mL min−1. Fluorimetric detection was performed 
with a spectra system Shimadzu RF-20A fluorescence detec-
tor at 420 nm after excitation at 340 nm. GSH was quantified 
using nine-point calibration curves with custom-made external 
standard solutions ranging from 0.0625 to 50 μM and every ten 
injections, a check standard solution was used to confirm the 
calibration of the system. The recovery was determined using 
GSH as an internal standard. The total non-protein thiol (NPT) 
concentration was determined according to De Vos et al. (1992): 
200 mg FM of tissue was ground in 2 mL of 5% (w/v) sulfos-
alicylic acid plus 6.3 mM diethylenetriaminepentaacetic acid 
(pH < 1) at 0 °C with quartz sand in a mortar. The homogenate 
was centrifuged at 10,000 g for 10 min at 4 °C (Sigma 3–30 K, 
Germany). The supernatants were collected and used for the 
determination of thiols using Ellman’s reagent. Three hundred 
microliters of supernatant was mixed with 630 μL of 0.5 M 
KH2PO4 and 25 μL of 10 mM 5,5-dithiobis 2-nitrobenzoic 
acid (final pH 7.0). The absorbance at 412 nm was recorded 
after 2 min, and the NPT concentration was estimated using an 
extinction coefficient of 13,600 M−1 cm−1. Phytochelatin con-
tent was evaluated as difference between NPT and GSH levels 
(Schäfer et al. 1997).

Statistical analysis

All analysis were performed on 5 replicates. Normality of 
the data was verified using Shapiro–Wilk tests and the data 
were transformed when required. Two-way ANOVA were 
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performed at a significant level of P-value < 0.05 using R 
(version 3.3.1) considering the Zn and the Si applications 
as main factors. Means were compared using Tukey’s HSD 
all-pairwise comparisons at 5% level as a post-hoc test.

Results

Plant growth

Zinc excess induced leaf chlorosis and early senescence 
marked by a wilting process, especially in the youngest 
leaves (Fig. 1). The used hemp cultivar exhibited a high 
level of variability for Zn response. Despite obvious injury 

symptoms, Zn had no significant impact on leaf and stem 
dry weights (Table 1), stem diameter, and main root length 
(Fig. 2) but it significantly reduced the total leaf number and 
mean stem length (Fig. 2).

Silicon addition to control nutrient did not impact plant 
behavior in terms of growth or morphological properties. 
Silicon did not afford obvious protection against Zn toxicity 
and ZnSi was even the most deleterious treatment for root 
growth (Table 1).

Mineral concentrations

Zinc significantly accumulated in response to 100 µM ZnCl2 in 
all plant organs. Zn was mainly accumulated in roots followed 

Fig. 1   Cannabis sativa plants 
cultivated in hydroponic condi-
tions; C: control plants; Zn: 
plants exposed for 1 week to 
100 µM Zn

C

Zn

Table 1   Fresh weight (FW), 
dry weight (DW), water content 
(WC), and osmotic potential 
(Ψs) of Cannabis sativa (cv. 
Santhica 27)

Plants were exposed for 1 week to Zn (100 µM) in the presence or in the absence of 2 mM H2SiO3. For 
a given organ, different letters indicate significant differences at P < 0.05 according to Tukey’s HSD all-
pairwise comparisons. Each value is the mean of 3 replicates (FW, DW, and WC) or 5 replicates (Ψs)

C CSi Zn ZnSi

FW (g)
  Roots 11.88 ± 11.31 a 8.93 ± 7.54 ab 6.04 ± 3.59 ab 3.97 ± 3.02 b
  Stems 10.03 ± 3.49 a 9.09 ± 5.00 a 4.19 ± 3.04 b 4.83 ± 2.94 b
  Leaves 19.67 ± 9.37 a 18.20 ± 10.66 ab 10.59 ± 4.96 bc 9.45 ± 4.10 c

DW (g)
  Roots 0.87 ± 0.19 ab 0.95 ± 0.25 a 0.57 ± 0.20 bc 0.48 ± 0.16 c
  Stems 1.22 ± 0.28 a 1.27 ± 0.23 a 0.71 ± 0.41 a 1.00 ± 0.47 a
  Leaves 3.40 ± 1.58 ab 3.97 ± 0.83 a 2.40 ± 1.03 ab 2.09 ± 0.65 b

WC (%)
  Roots 88.05 ± 8.00 a 94.28 ± 0.58 a 92.54 ± 1.26 a 91.53 ± 1.68 a
  Stems 86.17 ± 3.16 ab 90.92 ± 0.58 a 89.22 ± 2.01 ab 86.18 ± 2.42 b
  Leaves 82.12 ± 2.36 a 85.54 ± 1.38 a 82.49 ± 2.33 a 82.01 ± 3.45 a

Ψs (Mpa)
  Leaves  − 1.21 ± 0.06 a  − 1.18 ± 0.04 a  − 1.34 ± 0.04 b  − 1.19 ± 0.04 a
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by stems and leaves (Table 2). In the absence of Zn stress, 
H2SiO3 application had no impact on Zn content. In the presence 
of Zn excess, however, exogenous Si significantly reduced Zn 
accumulation in all organs. Both TFc and TFa for Zn increased in 
response to exogenous Si in the absence of Zn excess, while BF 
values significantly decreased. Zn excess reduced TFc and TFa 
values and in this case, Si had no impact anymore on transloca-
tion factors or BF values.

Although not intentionally added to the nutrient solution, Si 
was detected in control plants probably as a consequence of the 
presence of Si traces in the salt used for nutrient solution prepa-
ration. Root Si increased in response to H2SiO3 application and 
the recorded increase was by far higher in Zn-treated plants than 
in control ones. In contrast, only a slight effect of exogenous 
Si on Si content was recorded in the stem which remained low 

comparatively to other organs. In response to H2SiO3 applica-
tion, the leaves displayed a higher Si concentration than the 
stem, and the leaf Si concentration was higher in the absence of 
Zn excess than in the presence of high Zn concentration. In the 
absence of additional exogenous Si, the Si concentration in the 
roots and in the leaves was in the same range. TF value for Si 
significantly increased in response to exogenous Si application 
in the absence of Zn excess.

Zn excess increased Fe concentration in the roots but 
decreased it in the leaves (Table 3). Exogenous Si in the 
presence of Zn excess did not mitigate this trend and even 
decreased Fe concentration in the stem. Zn excess also 
increased Mg concentration in the roots and in the stem 
and slightly decreased it in the leaves. The highest leaf Mg 
content was recorded for CSi-treated plants and the lowest 
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Fig. 2   Total leaf number, stem length and diameter, and root length 
of Cannabis sativa (cv. Santhica 27) exposed for 1  week to Zn 
(100 µM), in the presence or in the absence of 2 mM H2SiO3. Data 

are means ± standard errors (n = 5). Values with different letters are 
significantly different (P < 0.05; Tukey’s HSD all-pairwise compari-
sons)
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for ZnSi-exposed ones. Exogenous Si in the absence of Zn 
excess increased S concentration in all organs. A similar 
effect was observed when plants were exposed to Zn excess 
in the absence of Si and was even more marked. In ZnSi-
treated plants, S concentration increased in the roots and to 
a lower extent in the leaves but remained unmodified in the 
stem comparatively to control plants.

Photosynthesis‑related Sparameters

In the absence of additional Si, Zn treatment had no impact on 
Fv/Fm, ΦPSII, qP, and NPQ values (Table 4). Similarly, it did 
not affect stomatal conductance (gS), net photosynthesis (A), 
and instantaneous evapotranspiration (E) and intercellular CO2 
concentration (Ci). In the presence of additional Si, however, Zn 
significantly decreased ΦPSII, qP, gs, and E values (Table 4). In 
the absence of Zn excess, exogenous Si surprisingly decreased 
Chl a, Chl b, and carotenoid content (Fig. 3). In the absence of 
Si, Zn excess decreased Chl a and carotenoids but had no impact 
on Chl b. Exogenous Si did not significantly mitigate the delete-
rious effect of Zn on these parameters.

Plant water and oxidative status

Water status was assessed using the osmotic potential (ΨS) and 
the water content (WC) of the leaves. As shown in Table 1, Zn in 
the absence of H2SiO3 significantly lowered ΨS values in leaves, 
while plants of the ZnSi treatment have similar values than con-
trol ones. WC was not affected by the applied treatments.

Malondialdehyde (MDA) is a cytotoxic product resulting 
from lipid peroxidation and commonly considered an indica-
tor of oxidative stress. Its concentration increased in roots but 
remained unaffected in leaves of Zn-exposed plants compared to 
the controls (Fig. 4). The addition of Si significantly decreased 
MDA concentration in leaves of all treatments. In roots, Si appli-
cation increased MDA concentration of plants cultivated in the 
absence of Zn excess.

Data for total antioxidant capacity for the hydrophobic 
(AOAD) and hydrophilic (AOAM) fractions are provided in 
Fig. 5. AOAD and AOAM fractions were reduced in plants 
exposed to Zn but increased when exposed to Si in the pres-
ence or absence of Zn excess.

Zn exposure strongly increased total glutathioneS (GSHt, 
Table 5) content in roots and leaves. The addition of sili-
con significantly decreased GSHt in roots and leaves of 
plants exposed to Zn, but also in leaves of plants cultivated 
in the absence of Zn excess. The ratio between oxidized 
(GSSG) and reduced glutathione (GSH) is an indicator of 
the oxidative stress undergone. GSSG/GSH ratio was sig-
nificantly lower in roots and higher in leaves of Zn-treated 
plants compare to controls (Table 5). H2SiO3 application 
decreased GSSG/GSH in roots in the absence of Zn excess 
and increased this ratio in leaves of plants exposed to Zn.

Table 2   Zinc (Zn) and silicon (Si) concentrations and translocation 
factor (TF) in roots, stem, and leaves of Cannabis sativa (cv. Santhica 
27)

Plants were exposed for 1  week to Zn (100  µM) in the presence or 
in the absence of 2 mM H2SiO3. TFc, translocation factor estimated 
on a concentration basis; TFa, translocation factor estimated on a total 
amount basis. For a given parameter and a given organ, means fol-
lowed by different letters are significantly different at P < 0.05 accord-
ing to Tukey’s HSD all-pairwise comparisons. Each value is the mean 
of 3 replicates

C CSi Zn ZnSi

Zn (mg kg−1 DW)
  Roots 464 ± 172 c 280 ± 14 c 13,231 ± 236 

a
11,110 ± 619 
b

  Stems 41 ± 2 c 52 ± 9 c 1362 ± 95 a 1035 ± 36 b
  Leaves 57 ± 6 c 62 ± 4 c 1003 ± 31 a 904 ± 41 b
  TFc 0.11 ± 0.02 

b
0.21 ± 0.05 a 0.08 ± 0.03 b 0.09 ± 0.06 b

0.60 ± 0.12 
b

1.17 ± 0.18 a 0.45 ± 0.15 b 0.55 ± 0.31 b

  BF 294 ± 24.98 
a

157 ± 6.59 b 49.95 ± 13.28 
c

44.45 ± 9.42 c

Si (mg kg−1 DW)
  Roots 827 ± 38 d 3017 ± 101 b 945 ± 8 c 6948 ± 596 a
  Stems 103 ± 34 ab 174 ± 4 a 55 ± 3 b 136 ± 21 a
  Leaves 260 ± 4 c 3006 ± 116 a 162 ± 5 d 1941 ± 100 b
  TFc 0.26 ± 0.04 

b
0.77 ± 0.19 a 0.15 ± 0.06 c 0.20 ± 0.04 bc

  TFa 1.41 ± 0.30 
b

4.22 ± 0.77 a 0.79 ± 0.28 c 1.24 ± 0.42 bc

  BF 0 6.20 ± 0.38 a 0 6.03 ± 0.61 a

Table 3   Iron (Fe), magnesium (Mg), and sulfur (S) concentrations in 
roots, stem, and leaves of Cannabis sativa (cv. Santhica 27)

Plants were exposed for 1  week to Zn (100  µM) in the presence or 
in the absence of 2 mM H2SiO3. For a given parameter and a given 
organ, means followed by different letters are significantly different 
at P < 0.05 according to Tukey’s HSD all-pairwise comparisons. Each 
value is the mean of 3 replicates

C CSi Zn ZnSi

Fe (mg kg−1 DW)
  Roots 1526 ± 37 b 922 ± 11 c 2281 ± 12 a 2298 ± 36 a
  Stems 55 ± 4 a 42 ± 14 ab 58 ± 1 a 22 ± 4 b
  Leaves 109 ± 4 a 115 ± 1 a 64 ± 2 b 55 ± 3 b

Mg (mg kg−1 DW)
  Roots 3537 ± 193 c 3346 ± 11 c 6631 ± 24 a 4754 ± 3 b
  Stems 1295 ± 58 b 1639 ± 4 a 1599 ± 5 a 1419 ± 55 b
  Leaves 4441 ± 12 b 5572 ± 5 a 4209 ± 31 c 3637 ± 83 d

S (mg kg−1 DW)
  Roots 2145 ± 205 c 2420 ± 107 bc 3963 ± 47 a 2897 ± 7 b
  Stems 729 ± 12 c 1028 ± 77 b 1330 ± 52 a 746 ± 11 c
  Leaves 1016 ± 126 d 1721 ± 1 a 1597 ± 115 b 1242 ± 14 c
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As far as roots are concerned, PC concentration was sig-
nificantly higher in ZnSi-treated plants than in CSi-exposed 
ones. Zn in the absence of Si had no effect on root PC con-
centration. PC was higher in the leaves than in the roots 
for all treatments: the highest value was recorded for plants 
exposed to Zn in the absence of Si, since exogenous Si sig-
nificantly reduced the PC concentration of Zn-treated plants.

Discussion 

The present study confirmed that Zn significantly accumu-
lated in C. sativa cultivated in nutrient solution under Zn 
excess. However, growth properties were only marginally 
affected by Zn excess: only the total leaf number and stem 
length were reduced after 1 week of exposure to 100 µM 

Table 4   Photosynthesis-related 
parameters of Cannabis sativa 
(cv. Santhica 27)

Plants were exposed for 1 week to Zn (100 µM) in the presence or in the absence of 2 mM H2SiO3. Max-
imum quantum yield of dark acclimated leaves (Fv/Fm), the photochemical efficiency of photosystem II 
(ΦPSII), photochemical quenching (qP), non-photochemical quenching (NPQ), stomatal conductance (gs), 
net photosynthesis (A), instantaneous evapotranspiration (E), CO2 in intercellular spaces (Ci). For a given 
organ, different letters indicate significant differences at P < 0.05. Each value is the mean of 5 replicates

C CSi Zn ZnSi

Fv/Fm 0.88 ± 0.03 ab 0.88 ± 0.01 a 0.85 ± 0.03 b 0.86 ± 0.01 ab
ϕPSII 0.83 ± 0.01 a 0.83 ± 0.03 a 0.80 ± 0.04 ab 0.74 ± 0.08 b
qP 0.96 ± 0.02 a 0.97 ± 0.01 a 0.96 ± 0.02 ab 0.89 ± 0.08 b
NPQ 0.16 ± 0.04 a 0.16 ± 0.03 a 0.15 ± 0.03 a 0.24 ± 0.11 a
gs (mmol m−2 s−1) 745 ± 565 ab 1012 ± 729 a 301 ± 186 bc 205 ± 163 c
A (µmol m−2 s−1) 2.44 ± 2.07 a 2.67 ± 1.35 a 1.57 ± 1.49 a 2.23 ± 1.09 a
E (mmol m−2 s−1) 2.95 ± 0.80 ab 3.22 ± 0.56 a 1.72 ± 1.01 bc 1.62 ± 1.16 c
Ci (µmol mol−1) 402 ± 24 a 406 ± 16 a 415 ± 15 a 385 ± 32 a

0

0.1

0.2

0.3

C Zn

C
ar

ot
 (m

g 
g-1

FW
)

Si 0mM
Si 2mMa

c
bc b

0

0.1

0.2

0.3

C Zn

C
hl

 b
 (m

g 
g-1

FW
)

Si 0mM
Si 2mM

a

b

ac

bc
b

0.0

0.2

0.4

0.6

0.8

C Zn

g
g

m(
alh

C
-1

)
WF

Si 0mM
Si 2mM

c

a

b
b

Fig. 3   Chlorophyll (a, b) and carotenoid content of Cannabis sativa 
(cv. Santhica 27) exposed for 1  week to Zn (100  µM), in the pres-
ence or in the absence of 2 mM H2SiO3. Data are means ± standard 

errors (n = 5). Values with different letters are significantly different 
(P < 0.05; Tukey’s HSD all-pairwise comparisons)

Fig. 4   Malondialdehyde (MDA) 
content in leaves and roots of 
Cannabis sativa (cv. Santhica 
27) exposed for 1 week to Zn 
(100 µM), in the presence or in 
the absence of 2 mM H2SiO3. 
Data are means ± standard 
errors (n = 5). Values with dif-
ferent letters are significantly 
different (P < 0.05; Tukey’s 
HSD all-pairwise comparisons)
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Zn while both fresh and dry weights remained unchanged. 
This suggests that hemp is able, to some extent, to display 
resistance mechanisms to toxic Zn doses.

In plants exposed to Zn excess, Zn concentration in the 
stem was higher than in the leaves. This could be linked 
to the fixing properties of the fibers which are exploited 
for biosorption purposes by numerous authors (Pejic et al. 
2009; Vukcevic et al. 2014a, 2014b). Zinc is indeed able 
to bind to carboxyl and hydroxyl groups of cell wall poly-
mers such as those occurring in bast fibers, and Loiacono 
et al. (2018) recently demonstrated that hemp fibers may 
be efficiently used to clean up waste water contaminated by 
numerous HM. Wall retention could also occur in planta, 
during the formation of the fibers, although this implies 
that HM need to be in close contact with the fiber while 
bast fibers are located in the phloem rather than in the 
xylem where transpiration stream occurs.

Zn translocation from roots to shoots, estimated on a 
concentration basis (TFc), was however limited (TFc ~ 0.1) 
but it could also be interesting to estimate TF on a total 
amount basis (TFa, Table  3) based on the quantities 

actually exported from the substrate (Ali et al. 2013). For 
all treatments, translocation factor estimated on a total 
amount basis (TFa) was higher than translocation fac-
tor estimated on a concentration basis (TFc) but always 
remained lower than 1. This suggests that, despite a good 
level of tolerance, hemp adopted an excluding strategy. A 
similar observation has already been reported by Angelova 
et al. (2004), Löser et al. (2002), and Shi et al. (2009) 
in hemp exposed to HM. Root sequestration is a strategy 
widely developed by non-hyperaccumulating plants to 
avoid the accumulation of toxic elements in photosynthetic 
tissues (Ali et al. 2013; Kanwar et al. 2020).

Despite root sequestration attempt, we demonstrated that 
Zn may accumulate up to 1 g.Kg−1 DW in hemp leaves. 
Such a level of accumulation had only a marginal impact 
on photosynthesis-related parameters. Chlorophyll a and 
carotenoids were indeed the only parameters reduced by Zn. 
Piotrowska-Cyplik and Czarnecki (2003) and Linger et al. 
(2005) suggested that on a long-term basis, a reduction of 
pigment content, and therefore in the availability of pho-
toassimilats, may explain the reduced biomass production in 
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Fig. 5   Total antioxidant activity in the hydrophobic fraction (AOAD) 
and the hydrophilic fraction (AOAM) of leaves of Cannabis sativa 
(cv. Santhica 27). Plants were exposed for 1 week to Zn (100 µM), 

in the presence or in the absence of 2  mM H2SiO3. Data are 
means ± standard errors (n = 5). Values with different letters are sig-
nificantly different (P < 0.05; Tukey’s HSD all-pairwise comparisons)

Table 5   Total glutathione 
(GSHt), oxidize (GSSG)/
reduced (GSH) glutathione, 
and phytochelatine (PC) 
concentrations in roots and 
leaves of Cannabis sativa (cv. 
Santhica 27)

Plants were exposed for 1 week to Zn (100 µM) in the presence or in the absence of 2 mM H2SiO3. Max-
imum quantum yield of dark acclimated leaves (Fv/Fm), the photochemical efficiency of photosystem II 
(ΦPSII), photochemical quenching (qP), non-photochemical quenching (NPQ), stomatal conductance (gs), 
net photosynthesis (A), instantaneous evapotranspiration (E), CO2 in intercellular spaces (Ci). For a given 
organ, different letters indicate significant differences at P < 0.05. Each value is the mean of 5 replicates

C CSi Zn ZnSi

Roots
  GSHt (nmol g−1 FW) 176 ± 20 c 82 ± 34 d 1622 ± 171 a 762 ± 37 b
  GSSG/GSH 14.38 ± 6.85 a 5.89 ± 5.84 b 3.61 ± 0.73 b 8.43 ± 4.27 ab
  PC (nmol g−1 FW) 241 ± 28 ab 209 ± 20 b 222 ± 37 ab 275 ± 55 a

Leaves
  GSHt (nmol g−1 FW) 412 ± 19 c 294 ± 33 d 824 ± 161 a 564 ± 48 b
  GSSG/GSH 6.03 ± 0.27 c 7.07 ± 0.76 c 11.12 ± 2.28 b 14.56 ± 1.70 a
  PC (nmol g−1 FW) 821 ± 84 c 658 ± 24 d 1243 ± 73 c 974 ± 121 b
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hemp. The present work however suggests that on a short-
term basis, photosynthesis is resilient to Zn toxicity in Can-
nabis sativa since the decrease in photosynthetic pigments 
had no impact on net photosynthesis. Zinc was reported to 
substitute to Mg within chlorophyll (Küpper et al. 1998) and 
in Rubisco (Cambrollé et al. 2013) but in the present study, 
Zn excess reduced the leaf Mg concentration by 5.2% only 
(Table 3) making this substitution unlikely. Water content 
was not affected by the treatments applied but Zn excess 
significantly lowered ΨS values in leaves, which is a clear 
indication that adaptations were required for Zn-treated 
plants to maintain internal water potential and turgor. Such 
accumulation of osmotic compounds contributes to turgor 
maintenance and CO2 diffusion within the mesophyll. This 
probably explain stable Ci values in plants exposed to Zn 
excess compare to controls.

The present study also showed that hemp exposed to 
Zn excess encountered a moderate oxidative stress: MDA 
content in leaves remained similar to controls but increased 
in roots. Zinc accumulated to higher amounts in the roots 
than in the leaves; hence, a higher oxidative stress in the 
below part of the plant was not unexpected. This suggests 
that ROS were quickly scavenged in leaves. Reduced glu-
tathione (GSH) is involved in the reduction of an important 
part of ROS generated by stress (Shahid et al. 2019). In 
our study, Zn exposure led to higher leaf GSHt concentra-
tion and GSSG/GSH ratio, suggesting that GSH helped to 
withstand oxidative stress in leaves. This may also explain 
the decrease of total antioxidant capacity, GSH being part 
of the AOAM fraction. Besides its role as an antioxidant, 
GSH acts as a precursor of phytochelatin (PC) synthesis. 
In our study, Zn exposure increased PC content in the 
leaves but not in the roots. Chelating metals by forming 
PCs or metallothioneins (MTs) metal complexes at the 
intra- and intercellular level are part of the mechanisms 
used by plants to counteract HM toxicity (Citterio et al., 
2003; Tennstedt et al. 2009; Emamverdian et al., 2015). 
Nevertheless, a higher PC concentration in the leaves than 
in the roots is rare in plants exposed to Zn. In plants fac-
ing ion toxicities, the first priority is to protect the pho-
tosynthetic machinery (Muthusaravanan et al. 2018). We 
demonstrated that on a short-term basis, hemp is perfectly 
able to trigger PC oversynthesis as an emergency strategy 
to protect photosynthetic tissues and the recorded increase 
in leaf S concentration is in line with this hypothesis. We 
recently showed in another study that 1-week exposure to 
100 µM Zn upregulated the expression of a gene coding for 
phytochelatin synthase (PCS1) in Cannabis sativa (Luy-
ckx et al. 2021c). The major drawback of PC synthesis is 
that it requires a lot of energy and has a high metabolic 
cost (Khan et al. 2000; Kanwar et al. 2020; Kurade et al. 
2021). This might explain that plants exposed to Zn for 
longer duration improve root sequestration mechanisms 

and reduce the need for PC synthesis in the leaves (Emam-
verdian et al. 2015; Lefèvre et al. 2016).

Although Si is not considered essential for plants, it inter-
venes as a beneficial element in their defense and growth. 
Hemp is not considered an Si accumulator under normal 
conditions. However, in this study, control plants main-
tained in nutrient solution contained Si in similar range than 
plants grown in non-polluted soils (Epstein 1994; Luyckx 
et al. 2019). Additional Si significantly increased root and 
leaf Si concentration in the absence and in the presence of 
Zn excess. In roots, plants of CSi treatment accumulated 
3.6 × more Si than plants of C treatment while ZnSi-treated 
plants accumulated 7.4 × more Si than plants of Zn treat-
ment. This suggests that plants stimulated Si uptake to cope 
with Zn stress. In rice exposed to heavy metals and Si, Kim 
et al. (2017) and Ma et al. (2015) reported an increase in the 
expression of genes involved in the transport of Si (OsLSi1 
and OsLSi2) to improve resistance to metal stress. Simi-
larly, Luyckx et al. (2021c) reported that the expression of 
Lsi2-1 in hemp roots was increased after 1-week exposure 
to 100 µM Zn. In the present case, however, high Si accu-
mulation in the root of ZnSi-treated plants did not protect 
the roots from oxidative stress since MDA concentration was 
similar in ZnSi- and Zn-treated plants.

H2SiO3 application under Zn exposure interfered with 
Zn absorption. Zn concentration was clearly lower in roots, 
stems, and leaves of Si-treated plants in the presence of Zn 
excess than in plants exposed to Zn in the absence of Si. 
A first hypothesis is that the presence of Si in the nutrient 
solution reduces Zn availability through the precipitation 
of Zn silicate. Bokor et al. (2014) indeed mentioned that 
Zn2SiO4 may occur in water experiments, but this is not 
confirmed by the speciation program VISUAL MinTEQ 
which clearly indicated that, for the range of concentration 
and pH of the solution used in our study, Zn remained fully 
soluble in the solution. The decrease of Zn concentration 
cannot be attributed to a decrease in transpiration rate since 
no significant difference for E values was observed between 
ZnSi and Zn treatments. It has already been observed in rice 
plants treated with Cu/Cd a decrease in the expression of 
HM transporters in the presence of Si (Kim et al. 2017; Ma 
et al. 2015). Huang and Ma (2020) recently demonstrated 
in rice that Si supply decreased Zn concentration in both 
the root and the shoots: according to these authors, Si acts 
on Zn uptake by downregulating OsZIP1 implicated in Zn 
uptake. The comparison should however be established with 
caution considering that rice is a specific plant species for Si 
hyperaccumulation and that data obtained with rice are not 
necessarily valid for other plant species, especially dicots. 
Beside Zn absorption, some authors reported that Si may 
reduce Zn translocation from the root to the shoot (Zajacz-
kowska et al. 2020) but this was not observed in our experi-
ment since TF value for Zn was hardly modified by Si. This 
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implies that as far as hemp is concerned, Si may impact 
transporters involved in Zn uptake (especially those encoded 
by ZIP genes) but had no impact on transporters involved in 
Zn xylem loading and long-distance transport (HMA2 and 
HMA4) (Zlobin 2021).

Exogenous application of Si under Zn excess increased 
total antioxidant capacity (AOAM and AOAD fractions) 
and decreased MDA content mainly in the leaves, as already 
observed by Kim et al. (2017). This suggests that Si may trig-
ger oxidative tolerance processes in hemp. The same beneficial 
effect of Si was noticed in leaves of control plants. Increased 
antioxidant capacity under Si exposure suggested a higher GSHt 
content. However, in the present study, GSHt content decreased 
following Si application under Zn excess. The increase in the 
antioxidant capacity despite a decrease in GSHt content may be 
due to activation of other antioxidants by Si: the fact that both 
AOAD and AOAM antioxidant activities increased in response 
to Si suggests indeed that other compounds, such as ascorbate 
and α-tocopherol, which were not quantified in the present 
study, may increase in response to exogenous Si. Moreover, the 
lower Zn accumulation induced by Si probably contributed to 
decrease ROS production and the need of GSH as an antioxidant 
and as a precursor of PC synthesis. PC content in leaves was 
indeed decreased in plants of ZnSi treatment comparatively to 
Zn-treated plants, while we observed an opposite trend in roots, 
although Si decreased Zn accumulation in both organs. This 
suggests that PC more efficiently sequester Zn in the leaves than 
in the roots: while Zn concentrations in the roots are quite high, 
PC contents were unexpectedly low. Using K-edge extended 
X-ray absorption fine structure (EXAFS) spectroscopy meas-
urements, Lefèvre et al. (2016) demonstrated that in the roots of 
HM resistant species Zygophyllum fabago, Zn mainly coordinate 
to Zn–O/N–C groups suggesting that PC did not play a key role 
in Zn tolerance in this organ and that other compounds, such as 
organic acid or polyamines, may be involved.

As a matter of fact, exogenous Si provides some metabolic 
advantages to hemp exposed to Zn excess, especially in rela-
tion to a decrease in Zn accumulation in the different parts 
of the plant. However, this was not sufficient to significantly 
increase plant growth on a short-term basis. Bokor et al. (2014) 
found similar data regarding maize cultivars simultaneously 
exposed to Zn and Si. According to these authors, increasing 
concentration of Si in combination with Zn treatment even 
increased physiological stress in comparison to Zn treatment. 
Similar results were observed by Masarovic et al. (2012) who 
observed no positive effects of Si on sorghum exposed to high 
Zn concentrations in the medium.

Conclusion

Young plants of Cannabis sativa cv Santhica cultivated in 
nutrient solution were able to cope with 100 µM Zn during 
a short-term (1 week) exposure. Zinc excess did not induce 

plant mortality and only marginally affected plant growth. 
Hemp accumulated high amounts of Zn, with a preferential 
location at the root level. Zinc accumulation in the leaves had 
no impact on photosynthetic properties, except a decrease in 
chlorophyll a and carotenoid content. Photosynthesis resilience 
may be due to over-synthesis of phytochelatins sequestering 
Zn excess in the leaves and to the increase in endogenous anti-
oxidant protecting photosynthetic tissues from oxidative stress. 
Exogenous Si decreased Zn concentrations in all organs and 
increased total antioxidant content. Si was however unable to 
significantly improve the growth of stressed plants. Hemp thus 
appears as a promising species to valorise Zn-polluted agri-
cultural soils and Si may provide physiological advantages to 
stressed plants. Additional researches using longer-time expo-
sures are required to precise more extensively the interest of 
hemp in phytoextraction and/or phytostabilization strategies.
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