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ABSTRACT

Toxic metals and metalloids, especially from anthropogenic sources, now pollute substantial areas of our 
planet. Phytoextraction is a proven technology with the potential to reduce metal/metalloid pollution, 
and where financially viable, recover valuable metals (‘phytomining’). Toward these aims, there has been 
a surge of publications over the last two decades. While important progress is being made, ongoing 
propagation of poor practice, and the resultant drain from funding sources, is hindering this promising 
research area. This includes mis-ascribing hyperaccumulator species, hydroponics with extremely high 
dose levels, misuse of Bioconcentration Factors, use of food or biomass crops with low accumulation for 
phytoextraction, the phenomenon of ‘template papers’ in which a known hyperaccumulator for element 
X is dosed with element Y, or a common weed species dosed with any variety of elements to make it 
‘hyperaccumulate’. Here we highlight these misconceptions with the hope that this will help to: (i) 
disseminate accurate definitions for in planta metal accumulation; (ii) quash the propagation of poor 
practice by limiting the inflation of unnecessary publications via the practice of ‘template paper’ writing; 
(iii) be used by journal editors and reviewers to validate their reasoning to authors; and (iv) contribute 
to faster progress in delivering this technology to in-the-field practitioners.

NOVELTY STATEMENT

In this note, we highlight some common misconceptions with the hope that this will help to 
disseminate accurate definitions for hyperaccumulation, promote the appropriate use of hydroponics, 
and limit template paper writing.

Definition of hyperaccumulation

What is a metal/metalloid hyperaccumulator? A seemingly 
innocuous question, but one that is open to much debate 
because a universally accepted definition, based on verifiable 
molecular mechanisms, is lacking. Hyperaccumulators tend to 
concentrate metals or metalloids to >100 to 10,000 µg g−1 (or 
even higher) of the dry weight of the plant, and definitions for 
hyperaccumulation are phenomenological, justified by the 
orders-of-magnitude differences in shoot metal/metalloid con-
centrations observed between certain plant species and most 
others growing in the same soil environment (van der Ent 
et  al. 2013; Baker and Brooks 1989; Baker and Whiting 2002). 
Numerous attempts have been made to operationally define 
hyperaccumulation, and recently a statistically-derived approach 
was used to validate historical threshold values for hyperaccu-
mulation, largely confirming their veracity (Purwadi et  al. 
2023). Key characteriztics include a non-linear uptake response 
(i.e., a non-linear accumulation as a function of the substrate 
concentration) to foliar metal/metalloid accumulation and 
hypertolerance to the metal or metalloid in question; but the 

fundamental mechanisms involved with hyperaccumulation dif-

fer greatly between elements and between species (van der Ent 

et  al. 2015). The currently widely accepted definition of trace 

element hyperaccumulators are plants which, when growing in 

their natural habitat, rather than metal-amended artificial 

media, contain the elemental concentrations in excess of 100 µg 

g−1 cadmium (Cd), thallium (Tl) or selenium (Se); 300 µg g−1 

cobalt (Co) or copper (Cu) ; 1000 µg g−1 nickel (Ni), arsenic 

(As), or Rare Earth Elements (REEs); 3000 µg g−1 zinc (Zn); 

and 10,000 µg g−1 manganese (Mn) dry weight shoot tissue 

(Reeves 2003; van der Ent et  al. 2013; Purwadi et  al. 2023). 

Govaerts et  al. (2021) reported 342,953 vascular plant species 

but Reeves et  al. (2018) listed only 721 as hyperaccumulators, 

which means that currently, hyperaccumulator species make up 

only ~0.21% of known vascular species.

Despite flaws in defining hyperaccumulators, current 

hyperaccumulator species, and existing definitions, are well- 

described; mis-ascribing hyperaccumulator species should 

not readily occur; however, this is not the case. Here, we 

describe the main ways by which studies have inadvertently, 
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or incorrectly, defined non-hyperaccumulators as hyperaccu-
mulators. Note: we have deliberately not cited examples 
where terms have been misused as the purpose of this Note 
is to inform, not expose misguided mistakes. The incorrect 
usages of the term ‘hyperaccumulator’ includes where ‘hyper-
accumulator’ is used to describe a species that supposedly 
hyperaccumulates several different metals indiscriminately, 
when in fact true hyperaccumulator species seldom hyperac-
cumulate more than one or two metals (van der Ent et  al. 
2013). Studies often then proceeded to describe the use of 
these species to remediate metals or metalloids that they do 
not hyperaccumulate. Moreover, some studies summarize 
data using maximum, or even outlier values, rather than 
mean metal or metalloid shoot concentration; or summarize 
results as hyperaccumulation when actual values were below 
the threshold metal concentrations; or use hydroponics and/
or chelators to artificially assist uptake, or report only bio-
concentration and translocation factors (see below).

Artificial pseudo-hyperaccumulation from 
hydroponic growth systems

Hydroponic cultivation is a powerful and extremely useful 
experimental system for investigating metal/metalloid hyperac-
cumulator plants (van der Ent et al. 2024). However, it must 
be used with caution as almost any plant can be made to 
‘hyperaccumulate’ if dose-levels are sufficiently high (for exam-
ple dose rates of Cd in excess of 100 µM). This artificially high 
concentration leads to the disappearance of the characteristic 
differences between hyperaccumulators and non-accumulators 
due to saturation of the root-to-shoot translocation in the 
hyperaccumulator, or of the sequestration capacity in the 
non-accumulator root. Moreover, the experimental exposure 
times used are often short (hours to just a few days), giving a 
false impression that the plant will tolerate these concentra-
tions over its lifecycle, when in fact in the longer term it will 
die. There might be good reasons for exposing (hyperaccumu-
lator) plants to very high concentrations of a trace element to 
demonstrate hypertolerance, but this methodology cannot be 
used to claim hyperaccumulation. In the case of Cd, exposure 
levels of more than 5–10 µM in solution to achieve foliar con-
centrations of >100 µg g−1 are highly suspect. Similarly for Zn, 
10–30 µM in solution to achieve foliar concentrations of 
>3000 µg g−1 Zn. Moreover, all known Cd hyperaccumulators 
grow in nature on soils with at least 100 times more Zn than 
Cd. Therefore, testing a species by supplying it with 10 µM Cd 
in the absence of 1000 µM Zn not only gives a false impression 
that it is a genuine Cd hyperaccumulator capable of high Cd 
uptake in the presence of Zn, but also has no practical use in 
phytoextraction of typical Zn-Cd contaminated soils. There 
can be real value in exposing numerous plant species to toxic 
levels of metals/metalloid, for comparative purposes, for toler-
ance screening, or indeed to discover genuine hyperaccumulat-
ing species; but exposure levels should be kept relatively low 
(<30 µM for most transition elements such as Ni or Zn) for 
testing tissue accumulation or higher (>100 µM) if testing tol-
erance (van der Ent et  al. 2024). The ultimate test of whether 
a plant species is a genuine hyperaccumulator involves growing 
a test species on a natural soil enriched in the element of 

interest, as species such as Arabidopsis halleri can achieve 
>50,000 μg g−1 foliar Zn when growing on natural soil with 
just 340 μg g−1 Zn (Stein et  al. 2017).

Use of BCFs to describe hyperaccumulators

Hydroponic-based experiments in particular often report 
‘high’ (>1) Bioconcentration Factors (BCFs) and use them to 
conclude hyperaccumulator potential, when both root and 
shoot underlying concentrations are relatively low (<1000 μg 
g−1). This problem also applies to studies undertaken with 
artificially-contaminated soil (spiked with soluble metal salts 
such as Pb(NO3)2) in which extremely high (e.g.,>10,000 µg 
g−1 Pb) prevailing metal/metalloid concentrations result in 
some uptake by the plant. If used sensibly, there is nothing 
wrong with this approach per se, if concentrations are realis-
tic, or if used in a comparative test to show the tolerance of 
a true metallophyte/hyperaccumulator with a closely-related 
non-tolerant species. It is important to note that for many 
elements, potential for plant accumulation declines quickly 
after spiking, therefore soils are best spiked, fertilized, and 
equilibrated at least 3 months, remixed, and then used in 
experiments. However, the reverse can also be true, for exam-
ple a plant with an entirely physiologically normal 100 μg g−1 
foliar Zn growing in a soil with 10 μg g−1 Zn would be a 
‘hyperaccumulator’ if solely based on its BCF value.

Use of food crops to remediate toxic metals

With advances in plant breeding, and synthetic biology tech-
niques, compartmentalization could one day be used to effec-
tively separate metals to specific plants tissues, and perhaps 
applied to segregate metal-accumulating biomass from the edi-
ble parts in food crop species. However, while fundamental 
studies are an integral component in the development of phy-
toextraction tools, the use of food crop species to accrue metals 
and metalloids for phytoextraction purposes needs careful con-
sideration. Food crops such as Indian mustard (Brassica juncea) 
and sunflower (Helianthus annus) have often been used in phy-
toextraction studies with the justification that they are ‘hyper-
accumulators’ and ‘fast growing’, and thus able to remediate 
more metal/metalloid. However, these plant species are not 
hypertolerant or even demonstrably tolerant, and indeed are 
frequently killed in the phytoextraction process. It is a moot 
point as to whether it matters if the plant is living or dead at 
the end of the growth period if the metal is in the biomass. 
However, many non-food biomass crops massively outpace 
these species in yield, and deliver similar, or higher metal tissue 
concentrations, without risk of contaminating human food 
chains. Compare Brassica juncea (3.6–5.8 t ha−1) with switch-
grass (Panicum virgatum) attaining (14.0–27.0 t ha−1) for exam-
ple (Mandal and Sinha 2004; Giannoulis et  al. 2016), or better 
still use dicotyledonous tree species such as Salix spp., as all 
grasses are well-known ‘excluder-type’ plants with low levels of 
accumulation (Rabêlo et  al. 2021). Plant breeding has been 
used to develop a rice (Oryza sativa) genotype with improved 
agronomic traits that accumulates ~10–30 μg g−1 Cd dry shoot 
biomass and has darker colored grains to prevent contamina-
tion with edible white rice (Abe et  al. 2017). The genes for 
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high Cd (qCdp7; a proposed loss-of-function allele of OsHMA3), 
and the grain color gene (which is "related to the Rc gene") are 
linked (~3 Mb apart), so recombination frequency is low, but 
this frequency needs to be measured in-the-field, and the wider 
risks of Cd-rich rice entering the food chain assessed. The 
majority of studies on toxic metal/metalloid accumulation in 
rice focus on developing lines that exclude toxic metal/metal-
loids from the grain (Jing et  al. 2023).

Many aromatic plants for example mint (Mentha spp.) 
and lavender (Lavandula spp.) will grow on soils polluted 
with toxic levels of metals and metalloids. These soils cannot 
be used to grow food crops (where part of the plant is 
directly eaten), and the financially valuable aromatic oils can 
be separated from the metal-rich biomass and sold. However, 
compared to biomass crops, these species are relatively small 
and slower growing. Calculations are needed to determine if 
phytoextraction rates, to remediate to below legal limits, 
sites contaminated, to depth, with toxic metals/metalloids 
are within ‘reasonable’ time frames.

Template papers: replacing species or metal(loid)

Given the number of vascular plant species and perhaps twelve 
(Cr, Mn, Co, Ni, Cu, Zn, As, Se, Cd, mercury (Hg), Tl, Pb) 
relevant metal and metalloid elements to test, it is theoretically 
possible to conduct millions of experiments in a 
hydroponic-based system alone! In many countries, the pres-
sure to continually publish is intense (Rawat and Meena 2014), 
therefore, it is perhaps not surprising, given the simplicity, and 
likely publication success, that the literature is inundated with 
examples of what we call ‘template papers’. The authors use a 
paper where a known hyperaccumulator for element X is 
dosed with element Y, then repeat the methodology over and 
over, publishing for each different element tested using the 
same basic model. An exception could be when uptake of a 
chemically analogous element is used, for example Co in a 
known Ni hyperaccumulator (Homer et  al. 1991), or Cd in a 
known Zn hyperaccumulator (Brown et  al. 1995), or lithium 
(Li) uptake in a known sodium (Na) accumulating plant spe-
cies (Nkrumah and van der Ent 2022). However, there is no 
reason to assume why a selenium (Se) hyperaccumulator could 
be a Hg hyperaccumulator, or a Mn hyperaccumulator a Cd 
hyperaccumulator. A variation on this approach is using a 
plant species not known to be a hyperaccumulator (typically a 
common weed species or a horticultural cultivar) and dosing 
it with any variety of elements. A commonality is the use of 
hydroponic or pot-based systems, artificially dosed with a 
metal/metalloid of choice. These conditions do not reflect the 
natural environment for that species, and therefore, there is no 
evolutionary or physiological basis to suspect that it might 
genuinely hyperaccumulate this element. The template paper 
will then report the levels of a number of stress-related enzyme 
activities, metabolites, chlorophyll, and biomass, all predictably, 
with a positive correlation with increased levels of 
metal-induced stress. An equation needlessly defining the BCF 
will be added to convey mathematical knowledge, and the 
paper will end with a phrase concluding that this species is 
‘potentially’ (see below) suitable for phytoextraction of ‘low’, 
‘medium’ or ‘high’, depending on the results, levels of the 

metal/metalloid tested. In many cases, the studies are, from a 
methodological point of view, sound. In fact, often the analyt-
ical work undertaken is highly comprehensive and cutting-edge. 
This then raises the question as to whether a scientific paper 
in this field should be judged solely on its scientific veracity 
(in terms of the methods used), or also on its originality and 
practical utility to plant science. Numerous examples could be 
cited, but we are keen to point out that the aim of this text is 
not to vilify past misunderstandings, but to promote better 
practice. An additional hope is that Notes such as this, pro-
vide guidance for reviewers to pass to journal editors, and 
downstream to authors of such template manuscripts.

Some prevailing scientific dogma are:

I. The common, but unqualified, assertion that the spe-
cies can be used to remediate metal/metalloid con-
taminated land without calculating removal rates per 
harvest of per year. To avoid presenting these calcula-
tions can be misleading. Often, when removal rates 
are estimated, based on predicted annual biomass 
production and metal uptake rates, they run into 
1000s of years. This point is further explained in 
Figure 5 of Rabêlo et  al. (2021) in which the phyto-
extraction yield of various grasses and genuine hyper-
accumulators are compared.

II. The use of ‘potential’ throughout a paper for a spe-
cies when analysis within the paper concludes the 
species to be a non-hyperaccumulator; and the 
unqualified use of the term ‘cost-effective’. This is 
hyperbole that can be used to enhance the apparent 
impact of a paper (or indeed the worth of a research 
grant application) yet does nothing to enhance our 
scientific knowledge in the field.

III. It is over a decade since the scientific community 
moved away from the use of metal chelating com-
pounds (such as EDTA) for phytoextraction to liber-
ate/complex metals from soil phases and promote 
plant uptake, such as Pb, following conclusive research 
demonstrating the chemical persistence (and moblity) 
of metal complexes and their toxicity in the environ-
ment (Meers et  al. 2009), and yet the number of 
publications describing the use of chelating com-
pounds for phytoextraction has not decreased.

IV. The absence of discussion on the predicted effects of 
introducing metal-rich plants on the local ecosystem 
via herbivory. In geologically metal-rich regions (for 
example ultramafic soils enriched in Ni), flora and 
fauna have evolved to withstand high lprevailing con-
centrations of metals, but what of anthropogenic 
contamination?

V. Research papers with little or no discussion on the 
fate of the metal-rich biomass that will be produced 
from the proposed phytoextraction. Whereas it might 
be financially viable to recover relatively high-value 
metals such as Ni or Co in phytomining, what to do 
with the waste produced of the lower value, and often 
more toxic, metals and metalloids such as Cd, 
Zn and As?
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Forward-focused research

Above, we have detailed misunderstandings and poor prac-
tice in the phytoextraction research area. However, collec-
tively, research in this field has built an enormously valuable 
body of scientific evidence. We must now move from pot to 
field-based studies to establish parameters for industry stake-
holders to assess project feasibility; develop financially viable 
uses for metal-rich biomass, particularly for low-value met-
als and metalloids; and metal recovery and concentration tech-
niques. More molecular biology and biochemistry-based 
research is needed to understand the biology behind metal 
uptake and in planta accumulation. Following on from this is 
the, still lagging, adoption of synthetic biology techniques to 
engineer suites of high-biomass plants that specifically accumu-
late metals of our choosing. Metal pollution is affecting people’s 
lives and the health of our planet. We must not squander our 
resources on replicating what we already know, but look for-
ward, and address the challenges preventing the use of this 
promising technology in the future. There are surely numerous, 
genuine hyperaccumulator plant species for a whole range of 
different elements still to be found, and if the rate of discovery 
through X-ray fluorescence (XRF) scanning of herbarium spec-
imens (van der Ent et  al. 2019) is anything to go by, the most 
exciting discoveries are still to be made.
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