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Headlines:

- nutrient and non-nutrient metal elements

- metal stress: the “mechanisms of action” of metal ions into the plant cell

- strategy enacted by plants to counteract metal stress

- a particular adaptation to metal-rich soils: hyperaccumulators



But, to include also the metalloids As (d: 5.73) or Sb (d: 6.69), 
and nonmetal Se (d 4.79) we prefer the terms
- Trace elements
- Potentially toxic elements
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constituents of amino acids,
proteins, enzymes and nucleic
acids, the building blocks of life
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groups of enzymes.
Some enable electron 

transport by valency change.
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Cd: Thalassiosira weissflogii, where it builds up 
the active center of a carbonic anhydrase

doi: 10.1073/pnas. 090091397
doi:10.3390/md13041688 



The concentration of metal 
nutrient elements is tightly 

controlled

the toxicity of metals to plants depends on the external 
bioavailable metal concentration, the exposure time, the plant 

genotype, and the general condition of the plant.



Dose–response curves to essential elements and non-essential elements are different

DOI 10.1007/s00018-012-1089-z



DOI: 10.5772/intechopen.96805



NATURALLY 
CONTAMINATED 

SOILS

SERPENTINE SOILS derived from Fe- and Mg-rich
ultramafic rocks that are enriched with
Cr, Co and Ni

SELENIFEROUS SOILS derived from Se-rich rock types

CALAMINE SOILS enriched with Zn, Cd and Pb

CO- CU-CONTAINING SOILS derived from argillites and dolomites



https://doi.org/10.1016/B978-0-12-821656-9.00008-0



Metallomics, 2016, 8, 269--285

Soil contamination is still a concern!



http://dx.doi.org/10.1016/j.envint.2015.12.017



http://dx.doi.org/10.1016/j.envint.2015.12.017

Samples from agricultural
land that contain heavy
metals in concentration
which would require
remediation also if these
were from industrial or
transport areas!!



- pH and soil structure and composition

- Substances present in soil solutions may act as extractants

- Metabolites released by plant roots and bacteria of the
rhizosphere affect metal solubility and bioavailability.

Metal ion availability in soils is variable

organic acids 

metal chelating compounds (siderophore)

H+



https://doi.org/10.1016/C2009-0-63043-9

Model for root-induced
mobilization of Fe and other
micronutrients (Zn, Mn, Cu) in the
rhizosphere of graminaceous
(Strategy II) plants, mediated by
release of phytosiderophores and
uptake of phytosiderophores–
metal complexes.



HM toxicity in plants

1) Displacement of essential ions in chlorophyll, enzymes and signaling proteins.

https://doi.org/10.1016/j.chemosphere.2020.127434



HM toxicity in plants

1) Displacement of essential ions in chlorophyll, enzymes and signaling proteins.

https://doi.org/10.1039/C8MT00262B



2) Generation of ROS and induction of oxidative stress

HM toxicity in plants

directly

indirectly

Mitochondria 
& Chloroplast

Ion displacement

10.1007/978-94-007-4441-7

ROS: hydroxyl radical

superoxide anion

hydrogen peroxide H2O2

Fe, Cu



3) Reaction with sulfhydryl groups (–SH).

HM toxicity in plants

H2O

Hg

H2O

Es: decrease activity of aquaporins



4) Similarity with nutrient cations and oxyanions, and competition for root absorption

HM toxicity in plants

Elements that resemble essential minerals, such
as Hg, Pb, and Cd, which are more likely to enter
the cell through the existing mineral uptake
machinery



Zn toxicity leads to chlorosis in
young leaves. This may be an
induced deficiency of Fe,
because of the similar ion radius
of Zn and Fe. Induced Mn
deficiency may also be of
importance, as high Zn supply
strongly decreases the Mn
concentration of plants

Fe Mn

Without FeControl

With 100 µM Zn

DalCorso et al. unpublished



Plants can be

DOI 10.1515/gps-2013-0103

How do plants respond!?



DOI 10.1007/s00018-012-1089-z

Heavy metal-sensitive 
plants cannot keep 
metals out of their 

roots or prevent 
transport to the shoot

excluder plants are able to
keep metals outside the roots 
or take care of rapid efflux in 

case toxic metals have 
entered root cells

tolerant non-
hyperaccumulators

sequestrate HMs into root 
vacuoles, preventing 

translocation to shoots

hyperaccumulator plants 
take up HMs through the root 
and load them into xylem. In 

the shoot, HMs are safely 
sequestered in vacuoles



https://doi.org/10.1016/C2009-0-63043-9

Plant tolerance to metal stress



https://doi.org/10.1016/C2009-0-63043-9

Plant tolerance to metal stress



1) Binding to the cell wall
Environmental Pollution 268 (2021) 115665

a) Increased cellulose and lignin gave rise to cell wall 
thickenings (trapping more Cd in the root).

b) thickened cell wall was enriched in low-methylated 
pectin (more COO- sites for binding to Cd2+)

a) no significant change in root cell wall thickness
b) high methylated cell wall caused less and looser 

Cd bound in the root

Sedum alfredii



https://doi.org/10.1016/C2009-0-63043-9

Plant tolerance to metal stress



5-6) Metal chelation

Binding of metals by ligands is the main
detoxification strategy

Compounds containing thiols (-SH):

- glutathione

- phytochelatins

- metallothioneins (proteins!)

Compounds that do not contain thiols:

- free aminoacids (histidine)

- nicotianamine

- organic acids (citrate, malate)

glutathione



ligands are usually involved 
in metal nutrient 

homeostasis…
… and excess HM tolerance

1) secreted into the extracellular space
and influence the phytoavailability of
metal ions

2) buffering of metals in the cytosol and
other cellular compartments (no free-
metal ions in the cytosol)

3) storage of metals, predominantly in
vacuoles

DOI: 10.1111/pce.13627



Model for root-induced Al
detoxification by secretion of organic
Al chelators.

A. Solubilization of toxic Al species in
acid mineral soils at pH < 5.0

B. Al-induced activation of anion
channels in the Al-sensitive apical root
zones and release of organic Al
chelators

C. detoxification of Alby complexation
with low-molecular-weight (LMW)
chelators with proteins and mucilage

https://doi.org/10.1016/C2009-0-63043-9

They can help 
detoxification, preventing 

metal absorption



Thiol containing compounds/ proteins

The metal‐binding activity of thiols has been mostly
implicated in cytosolic buffering, vacuolar
sequestration, and long‐distance transport in the
phloem

- Glutathione

- GHS derived Phytochelatins

- Metallothioneins (MTs)

→ The complex GHS/PCs – HM (Cd, As, Cu) are
usually store into the vacuole: detoxification
system.

→ PCs do not seem to play a significant role in
hyperaccumulators, even if they are associated
to HM toxicity stress

→ MTs, mainly involved in HM physiology (es,
reallocation of Cu upon senescence) → maybe
involved in Cu tolerance?

DOI: 10.1146/annurev.arplant.53.100301.135154



Organic acids

- They form a stable complex in acidic environments

apoplast

xylem

vacuoles

* Fe - citrate and malate→ in pea xylem

* Zn - citrate and malate→ Noccaea caerulescens epidermal cell vacuoles

* Ni - malate Alyssum

malate
citrate

citrate



Example:
The hyperaccumulating ecotype (HE)
of S. alfredii was collected from a Pb/Zn
mine area in Quzhou, China, and the
non-hyperaccumulating ecotype (NHE)
of S. alfredii was obtained from a tea
plantation in Hangzhou, China

https://doi.org/10.1016/j.jhazmat.2019.121177

Tartaric acid



Aminoacids

- Histidine is the main aa involved in metal
chelation (in environment with neutral pH):

→ stable complex Ni – HIS (symplastic mobility
and xylem loading) in Alyssum lesbiacum

→ Complex Cu – HIS (phloem sap)

→ Zn – HIS in N. caerulescens

Photosynthesis Research (2021) 150:51–96



Nicotianamine - NA

Good chelating agents under neutral – acidic conditions:

- Zn–NA in xylem of A. halleri;

- Zn–NA in phloem of rice;

- Cu–NA and Ni–NA in xylem and phloem of Noccaea caerulescens;

Involved in root-to-shoot translocation?



All these molecules as well as trace metal ions need to be transported across membranes.

Photosynthesis Research (2021) 150:51–96



All these molecules as well as trace metal ions need to be transported across membranes.

Photosynthesis Research (2021) 150:51–96



Plant Cell Environ. 2020; 1–18.

Over 600 plant species (0.2% of angiosperms) have been
identified as hyperaccumulators of trace metals (Zn, Ni, Mn,

Cu, Co and Cd), metalloids (As) and nonmetals (Se), the
majority of them being Ni hyperaccumulators (75%)

http://hyperaccumulators.smi.uq.edu.au/collection/



Hyperaccumulators occur in more than 80 different families.
The Brassicaceae family is relatively rich in them, in particular
the genera Alyssum and Noccaea

Noccaea caerulescens

http://www.pflanzenphysiologie.uni-
bayreuth.de/pflanzenphysiologie/en/forschung

/gru/html.php?id_obj=75803



Ni-hyperaccumulating tree from New Caledonia, Pycnandra acuminata (ex-Sebertia)

The green-light blue color in the 
exuded latex in P. acuminata is due to 

the high concentration of Ni

can contain up to 26% (w/w) Ni



How did it evolve 
(genetically speaking)?!

DOI: 10.1111/pce.13821



doi: 10.3389/fpls.2020.00610

Root expression level of IREG2 -
plants were exposed to 200 mM Ni  

for 7 days in hydroponic culture

The copy number of 
IREG2 per genome 

Example: 
Noccaea caerulescens and Noccaea japonica



doi: 10.3389/fpls.2020.00610



doi: 10.1111/nph.14529

Example: 
Arabidopsis halleri (Zn)



Main component of hyperaccumulation: metals are translocated from roots to above-ground tissues, via
xylem, and distributed over aerial tissues

They need to be compartmentalized or sequestrated in (sometimes) photosynthetically inactive tissues:

epidermis

trichomes and old leaves

palisade mesophyll cell vacuoles

Arabidopsis halleri ssp. gemmifera

DOI: 10.1039/c9mt00243j
J. Anal. At. Spectrom., 2008, 23, 1068–1075 | 1071

Cd Zn Ca Mn

Cd Zn Ca Mn



Why hyperaccumulation?!

DOI: 10.1111/pce.13821



The study of hyperaccumuation may contribute to a biotechnological approach to

i) phytoremediaton and

ii) biofortification



Thank you for your attention!


