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Abstract
Metals can accumulate in different parts of plant species in high concentrations, which gives the basis for the plant-based 
technology called phytoremediation. Among annual species, Amaranthus is a well-studied, potential metal accumulator 
genus; however, some conflicts are found among published results. Thus, we studied the metal (Cd, Cu, Fe, Ni, Pb, and Zn) 
accumulation potential of Amaranthus plant parts (root, stem, and leaf) by meta-analysis, furthermore, by calculation of 
bioaccumulation factor (BAF) values. After the extensive literature search and the calculation of relative interaction intensity 
(RII) values, we found significant accumulation for each metal by Amaranthus individuals growing on contaminated soils 
compared to plants collected from uncontaminated ones. Differences among plant parts were significant for Cu and Fe, minor 
for Ni, Pb, and Zn, and negligible for Cd. The BAF values indicated high accumulation in the leaf, moderate in root and stem 
for Cd, moderate in each plant part for Pb, and very low in each plant part for Fe, Ni, and Zn. We highlight that Amaranthus 
species are good prospects for metal phytoremediation projects, although, due to specific plant part-metal patterns, special 
attention should be paid to the harvesting practice.
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Introduction

Recently, issues related to soil contamination have been 
given more attention worldwide. Contaminated soils usu-
ally result from past processes when impacts associated with 
the fabrication, usage, and removal of hazardous substances 
were less known than today (Shang et al. 2019). Therefore, 
over the decades, the issue of soil contamination has become 
global, while the number and extent of the area of affected 
sites are vast (Panagos et al. 2013; Bech 2022). Furthermore, 
in case these contaminants get into the food web, they can 
also threaten nutritional security, aquatic resources, rural 
livelihoods, and human well-being (Gall et al. 2015).

Among contaminants, the presence of toxic metals in soil can 
adversely affect organism-mediated soil processes because met-
als decrease the amount of soil microbial biomass (Briffa et al. 
2020). Despite most of the metals being vital micronutrients for 
plants, animals, and humans, their high concentration could be a 
reason for phytotoxicity and various human disease due to their 
accumulation in the tissues of living organisms (FAO 2018). 
Moreover, contaminated biomass poses potential harm to the 
environment and the food chain (Rai et al. 2019). In addition, a 
high concentration of toxic elements in soil reduces plant metab-
olism and has a serious effect on crop yield, exerting pressure 
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on cultivated lands. Despite the negative impacts of heavy met-
als on the health of ecosystems affected, the presence of heavy 
metals in some natural environments has led to the evolution of 
plants with the ability to resist, tolerate, or even thrive on metal-
liferous soils (Ali et al. 2013; Rajakaruna et al. 2014).

To remove metals from the soil, it is reasonable to set up an 
environmentally sound and sustainable technique, which can be 
carried out in situ (on-the-site treatment) or ex situ (treatment 
away from the contaminated site) (Wadgaonkar et al. 2019). 
Employable techniques can be classified as physical, chemical, 
and biological practices, suggesting possible technical solutions 
to most soil contamination types (Sharma et al. 2018). Plant 
vegetative organs can serve as perfect agents for soil remediation 
due to their natural ability to accumulate metals from the soil 
based on their unique genetic, biochemical, and physiological 
traits (Ziarati and Somaye Alaedini 2014; Suman et al. 2018). 
Thus, remediation with plants remains cost-effective, with only 
minor costs arising during installation and maintenance, such as 
weed control (Hauptvogl et al. 2020). Furthermore, the involve-
ment of plants provides several advantages; the use of plant bio-
mass as a basis for heat and energy production, and— in case of 
high tissue concentration— the potentially extractable quantity 
of metals can make the technology profitable (Abhilash and 
Yunus 2011; Yan et al. 2020).

Several hundred weeds have been proven to be good can-
didates for phytoremediation purposes due to their ability to 
decrease metal concentration in soil; these species are stress-tol-
erant, usually with fast growth and biomass production enabling 
even in a wide variety of environments (Tőzsér et al. 2019; 
Alizadeh et al. 2021; Melo et al. 2022). These characteristics 
can also be observed in several Amaranthus species. Amaran-
thus species are found in the Caryophyllales order, Amaran-
thaceae family, Amaranthoideae subfamily, and Amaranthus 
genus which includes about 43 species in Europe (Wolosik 
and Markowska 2019; Iamonico 2020). Additionally, they 
are spread in many parts of the world like Central and South 
America, Africa, China, India, and the USA, which makes them 
viable options to be involved in remediation studies (Wolosik 
and Markowska 2019; Aguilera-Cauich et al. 2021). Indicating 
the diversity of relevant studies, the accumulation of heavy met-
als by Amaranthus spp. has been recently investigated at gar-
bage dumpsites, animal waste dumpsites, and single- and multi-
element-contaminated soils (Chunilall et al. 2005; Adefila et al. 
2010; Adefemi et al. 2012; Akubugwo et al. 2012; Shagal et al. 
2012). For example, Amaranthus caudatus L. plants grown on 
moderately multi-contaminated soils were indicated to accumu-
late a high concentration of metals, including Cd, Cu, Fe, Mn, 
and Pb (Adewuyi et al. 2010). Nevertheless, relevant results on 
metal accumulation in Amaranthus are quite contradictory. It 
is in strong relation with the fact that the genus features more 
than a hundred species having quite various individual charac-
teristics, i.e., remediation capabilities, which is highlighted even 
more by the influence of external factors (e.g. moisture content, 

pH, structure, and single/multi-contamination of the soil, bio-
available metal pool). For instance, Yap et al. (2022) showed 
very low Cd accumulation in Amaranthus leaves, while accord-
ing to Fan and Zhou (2009), the accumulation rate was higher 
than the threshold values for hyperaccumulation. Additionally, 
the accumulation rate of Pb was reported to be high in shoots 
by Rahman et al. (2013), while that was found much lower by 
Oluwatosin et al. (2010), and by Yap et al. (2022). These previ-
ous results inspire the need for our integrating analyses.

The aim of this paper was to analyze the accumulations 
of Cd, Cu, Fe, Ni, Pb, and Zn—the most frequently studied 
metals in this respect—among selected plant parts (root, 
stem, and leaf) of Amaranthus spp. growing in contami-
nated soils, using literature-based meta-analysis. Based on 
the results of earlier papers, significantly more intensive 
accumulation was hypothesized in Amaranthus grown on 
contaminated soils than ones from uncontaminated soils. 
We also hypothesized that metals accumulate in each plant 
part, however, in different concentrations; we assumed Pb 
and Cd to accumulate primarily in roots, while Cu, Fe, Ni, 
and Zn were expected to reach the highest concentrations in 
aboveground plant parts, with high bioaccumulation (BAF) 
values for above metal-plant part relations.

Materials and methods

Literature search

We performed a literature search on the Web of Science 
for the period 1975–2022, based on the following search 
terms: TOPIC = (Amaranthus) and TOPIC = (metal OR 
phytoremediation). In addition, we studied the reference 
section of the publications found in this search for extra, 
undiscovered, corresponding papers. To be incorporated, a 
paper had to report metal (Cd, Cu, Fe, Ni, Pb, and/or Zn) 
concentration in plant parts (root, and/or stem, and/or leaf) 
of Amaranthus spp. growing in contaminated vs. uncontami-
nated soils; contaminated and uncontaminated soils were 
determined according to the categorization by the authors 
of the papers involved. Data were retrieved from text, tables, 
and graphs. As we aimed to evaluate the inherent phytoex-
traction potential of Amaranthus spp. publications, in which 
any compound (e.g., EDTA) had been applied to foster metal 
absorption were excluded from the assessment.

Statistical analyses

The effect size of metal accumulation for each uncontami-
nated-to-contaminated comparison was calculated using the 
unstandardized mean difference (relative interaction inten-
sity, RII, Armas et al. 2004). RII is defined as follows:
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where X
U

 and X
C

 are the mean metal concentration (mg 
kg−1, dry matter) in plant parts of Amaranthus spp. growing 
in uncontaminated (U) and contaminated (C) soils.

Relative interaction intensity was used because only 
10% of the datasets presented both variance and sample 
size, which are needed to calculate the standardized mean 
difference, while RII calculation can be done by including 
mean values alone. For this reason, studies without report-
ing variance, but meeting all the other criteria, could be 
involved in this analysis. Negative values indicate higher 
metal concentration in Amaranthus plant parts growing in 
contaminated soils than in uncontaminated ones, while posi-
tive values indicate the opposite. RII values were calculated 
for each selected plant part-metal pair if the sample size (n) 
was ≥ 5. The relative interaction intensity with bootstrapped 
confidence intervals (with 9,999 iterations) was calculated 
using the boot package (Davison and Hinkley 1997; Canty 
and Ripley 2015). Where the confidence intervals did not 
include zero, we considered the effect size to be significantly 
different from zero.

To assess the metal accumulation potential in Amaranthus 
more precisely, the degree of accumulation was assessed 

(1)RII =
X
U
− X

C

X
U
+ X

C

by the calculation of bioaccumulation factor (BAF) val-
ues, based on the soil and plant part concentration values 
extracted from the publications:

where Cplant part is the metal concentration (mg kg−1, dry 
matter) measured in the selected plant part, and Csoil is the 
metal concentration (mg kg−1, dry matter) measured in the 
growing media.

All analyses were conducted using R version 4.1.2 (R 
Development Core and Team 2011).

Results

The Web of Science-based literature search yielded a 
total number of 17,408 articles. Out of these publications, 
19 papers fulfilled the criteria set for the meta-analyses 
(Fig.  1, Table  1, Supplementary Information Table  1). 
From these papers, 332 uncontaminated-contaminated 
comparisons were extracted. Contaminated soil metal con-
centrations presented in the selected papers were wide-
ranging: 0.3–200 mg kg−1 for Cd, 13.5–3480 mg kg−1 for 

(2)BAF =
Cplantpart

Csoil

Fig. 1   PRISMA flow diagram 
of the selection process through 
the analysis (i.e., the number of 
studies identified, excluded, and 
included)
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Cu, 6.08–19,254 mg kg−1 for Fe, 2.50–100 mg kg−1 for Ni, 
3.00–151 mg kg−1 for Pb, and 14.0–819.5 mg kg−1 for Zn.

Meta‑analysis of the metal accumulation 
in Amaranthus

Each plant part (root, stem, and leaf) of Amaranthus spp. 
accumulated Cd, Ni, Pb, and Zn in significantly higher con-
centrations on contaminated soils than control individuals 
growing on uncontaminated soils (RII values below null; 
95% confidence interval did not reach null; Fig. 2). The 
accumulation level was low for Cu in the stem and Fe in 
the root, with significant accumulation in the other plant 
organs for both metals. Besides afore two plant organ-metal 
relations, significant differences were not found in the accu-
mulation of metals among plant organs. In general, the accu-
mulation of Cd was the most intensive among all the metals 
studied (Fig. 2).

Bioaccumulation factors (BAF) for metals in plant 
parts of Amaranthus

According to BAF values, the accumulation potential 
for Cd in the leaf was high (> 1 = critical value), since 
Cd concentration in the leaf was higher than that in the 
soil. In general, Cd accumulation was high in the leaf and 
moderate in the root and stem of Amaranthus spp. This 
suggests the studied species’ great ability to translocate 
Cd into aboveground plant parts (leaf >  > stem≊root; 
Fig. 3). Bioaccumulation was of low intensity for Pb in 
each plant part with lower concentrations in tissues than 
in soils; BAF values for leaf and stem were lower than the 
critical value. Furthermore, there was no difference in Pb 
accumulation among plant parts (root≊stem≊leaf; Fig. 3). 
BAF values indicated that the accumulation potential for 
Fe, Ni, and Zn was lower than the critical value in each 
plant part, since all the tissues contained metals in much 

Table 1   Data of papers involved in the meta-analyses of Amaranthus species

Authors Studied species Studied plant part Studied metals Experimental loca-
tion

Type of experiment Number of 
compari-
sons

Alsherif et al. (2022) A. retroflexus Root Cd, Cu, Fe, Ni, Pb, 
Zn

Khulais, Saudi 
Arabia

Field 24

Atayase et al. (2008) A. viridis Root, stem, leaf Cd, Pb Lagos, Nigeria Field 48
Bosiacki et al. 

(2013)
A. caudatus Stem, leaf Cd, Pb Poznan, Poland Greenhouse 12

Chinmayee et al. 
(2012)

A. spinosus Root, stem, leaf Cd, Cu, Zn Kerala, India Greenhouse 27

Chunilall et al. 
(2005)

A. dubius, A. hybri-
dus

Root, stem, leaf Cd, Ni, Pb KwaZulu-Natal, 
South Africa

Greenhouse 54

Cui et al. (2021) A. hypocondriacus Root Cd Shaoguan, China Greenhouse 5
Ding et al. (2013) A. hypocondriacus Root, stem, leaf Cd Guangzhou, China Greenhouse 12
Egwu et al. (2019) A. cruentus Leaf Cd, Pb Chanchaga, Nigeria Field 2
Eze (2014) A. hybridus Root, stem, leaf Cd, Fe, Ni,

Pb, Zn
Gombe, Nigeria Field 56

Garba and Kiyawa 
(2018)

A. hybridus Root, stem, leaf Cu, Fe, Ni Kano, Nigeria Greenhouse 7

Ghazaryan et al. 
(2021)

A. retroflexus Root Cu Kajaran, Armenia Pot (ex situ) 1

Huang et al. (2019) A. spinosus Root Cd, Pb Yichang, China Greenhouse 8
Khoramnejadian and 

Saeb (2015)
A. retroflexus Root Cd, Cu, Ni Damavand, Iran Pot (ex situ) 3

Liu et al. (2019) A. retroflexus Root, stem, leaf Cu Taiyuan, China Greenhouse 9
Liu et al. (2021) A. tricolor Root, stem, leaf Cd Shaoguan, China Greenhouse 24
Motesharezadeh 

et al. (2010)
A. retroflexus Root Cd Karaj, Iran Greenhouse 3

Nejatzadeh-Baran-
dozi and Gholami-
Borujeni (2014)

A. retroflexus Root Cd, Pb Urmia, Azerbaijan Field 10

Ramírez et al. (2021) A. dubius Root Pb, Zn Haina, Santo 
Domingo

Field 20

Zou et al. (2006) A. viridis Root, stem, leaf Cu, Fe, Zn Tianjin, China Field 7
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lower concentrations than that in the soil; additionally, 
accumulation preferences for metals in plant parts were 
the following: root≊stem≊leaf for Fe, root≊stem < leaf 
for Ni, root≊stem≊leaf for Zn (Fig. 3). (Sample size for 
Cu was not enough for the BAF analyses.)

Discussion

We demonstrated that heavy metals accumulated in plant 
parts of Amaranthus spp. in different concentrations. It 
was supported by the relative interaction intensity (RII) 
values (uncontaminated-contaminated comparison) that 
the accumulation of Cd, Cu, Fe, Ni, Pb, and Zn was signif-
icant in Amaranthus, showing metal-dependent differences 
in intensity among plant parts. Furthermore, our study on 
bioaccumulation factor (BAF) values (contaminated soil-
contaminated plant comparison) revealed that Cd was 
accumulated primarily in leaves, while in cases of Cu, Fe, 
Ni, Pb, and Zn, there were no major differences in metal 
concentrations among plant parts. Additionally, results 
should be interpreted the potentially accessible data, the 
presence and lack of which are practically highlighted first.

Limitation of data

Besides having adequate data for the analyses, several fac-
tors influencing metal accumulation in Amaranthus could 
only scarcely be assessed. Without a complete overview, 
here, some of the most relevant variables were highlighted 
in terms of their data availability among included publi-
cations. Within Amaranthus, the metal accumulation of 
species is widely different, while, in general, that of popu-
lations of the same species from different geographical 
locations can also vary (Ranđelović et al. 2018; Ramanlal 
et al. 2020). In this paper, however, sample sizes for metal-
plant part relations in individual species did not enable 
comparisons by species, while the relevancy of studying 
the effect of location was low because only 37% of the 
publications conducted the tests on the field. As well, 
contamination schemes (low/moderate/high and single/
multi-contamination) are major influentials by plants’ 
metal accumulation (Shojaei et al. 2021). In this study, 
the limitation was caused by the fact that only 37% of the 
papers assessed highly contaminated soils, and only 26% 
of the publications reported data from single-contaminated 
growing media. For extensive evaluations, soil properties 
and their influences should be considered too (Xu et al. 
2022). The remediation efficiency of plants due to the bio-
available pool of metals is fundamental (Ng et al. 2015). 
Most of the comparisons (80%) involved in this study 
were based on total soil concentrations, thereby the inte-
gration of bioavailable content into the analyses was not 
considered favorable. In the analyses, 65% of the papers 
assessed basic soil properties (soil type and/or pH and/or 
soil organic matter content), however, studied parameters 
were too diverse to get desired sample sizes with only 
26% of these from the field. This latter also hindered the 

Fig. 2   Relative interaction intensity (RII) values for Cd, Cu, Fe, Ni, 
Pb, and Zn accumulations in plant parts of Amaranthus (with the 
number of comparisons in brackets)

Fig. 3   Bioaccumulation factor (BAF) values (mean ± SD) for Ama-
ranthus spp. growing on contaminated soils. (Number of studies 
and data: Cd: 7 studies, N = 47; Fe: 4 studies, N = 22; Ni: 4 studies, 
N = 20; Pb: 5 studies, N = 45; Zn: 3 studies, N = 19.) Values greater 
than the critical value (> 1) indicate intensive accumulation of metals 
from the soil
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reliable evaluation of another core factor in plant growth 
and metal accumulation, namely the date (season) of sam-
pling (Devlaeminck et al. 2004); the majority of the papers 
conducted tests under a controlled (pot/greenhouse) envi-
ronment, which masks the effects of sampling season.

Cd accumulation in Amaranthus

Analyzing the RII values, we found that the accumulation of 
Cd was significant in Amaranthus, with similar intensities 
among plant parts. Furthermore, evaluating the bioaccumu-
lation factor (BAF) values, we found that the leaf is a very 
good Cd accumulator tissue. In their study, Antonkiewicz 
and Jasiewicz (2002) reported that the concentration of Cd in 
five species, including Amaranthus hybridus E.H.L.Krause 
was significantly higher in aboveground plant parts than in 
roots. Contrarily, studying two Amaranthus mangostanus 
L. cultivars (Chi et al. 2019), the root was proved as the 
primary Cd depository also by increased contamination 
levels in soil, finding the storage capacity of intercellular 
spaces, cell walls, and root apoplast as the main reason 
behind. In the cases of other herbaceous species, however, 
leaf Cd accumulation is a frequent phenomenon, which sug-
gests a wide interspecific variation in the pattern of metal 
accumulation (Lombi et al. 2001; Baldantoni et al. 2016; 
Ullah et al. 2020). We also demonstrated a high accumula-
tion potential of the leaf of Amaranthus species growing 
in contaminated soils (BAF > 1). In the literature, reported 
BAF values for Amaranthus and other herbaceous genera 
usually oppose our findings. Among others, Adefila et al. 
(2010) found low accumulation rates in leaves compared 
to roots of Amaranthus viridis L. individuals. Additionally, 
El-Amier et al. (2017) demonstrated generally low Cd BAF 
values for aboveground plant parts of six weeds, while those 
for roots neared or exceeded 1 in each species. Although 
Cd tends not to accumulate in aboveground plant parts in 
high concentrations (Aladesanmi et al. 2019), we highlight 
Amaranthus as a prospect to extract Cd also by storing the 
metal in harvestable plant parts. As potential reasons for the 
above inconsistencies in Cd accumulation, physicochemi-
cal parameters (e.g., interactions among metals triggered by 
their simultaneous presence in soil, substitution by accumu-
lation) and habitat factors (e.g., soil pH and moisture con-
ditions, exposure time, plant interspecific competition) can 
also be listed (Tőzsér et al. 2017; Huang et al. 2020).

Cu accumulation in Amaranthus

We demonstrated highly plant part-specific accumulation 
for Cu in Amaranthus with the leaf as the most intensive 
accumulator and the stem as the least intensive accumulator 
tissue. In contrast with our findings, Mellem et al. (2012) 
demonstrated the roots as the main Cu-depository plant 

parts of Amaranthus dubius Mart.; therefore, its remediation 
potential was limited. The same conclusion was drawn also 
by Ogunkunle et al. (2013), who found interspecific differ-
ences in tolerance to be the main reasons for the retention 
of the majority of Cu in roots. As another factor potentially 
affecting (hindering) Cu accumulation, Prudent et al. (2014) 
highlighted the basic role of metal interactions when assess-
ing relevant patterns in Amaranthus. After studying six leafy 
vegetables out of which two were Amaranthus lividus L. 
and Amaranthus gangeticus L., Ahmed et al. (2022) found 
the lowest Cu concentrations for the two Amaranthus spe-
cies. Furthermore, soil amendments (e.g., S,S-EDDS) were 
found especially effective in solubilizing Cu and triggering 
its translocation into the leaves of A. viridis and A. caudatus 
(Ko et al. 2013). We observed this pattern without the use 
of any substances, indicating the effectiveness of Amaran-
thus leaves in Cu accumulation based on its inherent ability. 
Based on these afore, we assume that contrasting results can 
be linked to the metal interactions and specific variances in 
Cu tolerance, which could be supported by the extensive 
statistical comparison of individual Amaranthus species in 
this regard.

Fe accumulation in Amaranthus

Using the meta-analytical method, we found that the accu-
mulation of Fe was significant in Amaranthus, with similar 
intensities among plant parts. Furthermore, evaluating bio-
accumulation factor (BAF) values, we showed that accumu-
lation of Fe was similarly very low in and among plant parts. 
Relevant information on Fe accumulation in Amaranthus 
spp. was published only in those papers, on which our meta-
analysis was based. Therefore, our result should be inter-
preted by focusing on other herbaceous genera. By doing so, 
we observe several inconsistencies. Similar to our results, 
El-Amier et al. (2017) indicated very low bioaccumulation 
in all the plant parts for all the six studied species, not favor-
ing their use for the phytoextraction of Fe. Contrarily, Boam-
ponsem et al. (2012) reported that Fe was accumulated in 
considerably higher concentration in roots than in other plant 
parts of Brassica. Here, the authors also observed the effect 
of Fe on the accumulation of other metals, as a potential 
explanation for the pattern; the low content of Cd in Bras-
sica oleracea L. var. capitata and Lactuca sativa L. could 
be an impact of Fe presence in plants; the authors found that 
excess Fe reduced the absorption of Cd. Sharma et al. (2004) 
also reported an antagonistic relationship between Cd and Fe 
during the accumulation. Although we found high-intensity 
Fe accumulation in contaminated sites compared to control 
ones, reduced accumulation from soils (very low BAF val-
ues) can be explained by high simultaneous Cd concentra-
tions. Furthermore, Freitas et al. (2015) provided evidence 
that some of the microorganisms release organic substances, 
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which enhance bioavailability and increased root absorp-
tion of essential metals like Fe, while others can hinder the 
accumulation of such elements. The microbial composition 
of soils is not investigated in the publications we included, 
but the presumed effects of these communities on reduced 
Fe accumulation should not be excluded from the scope as 
potential factors.

Ni accumulation in Amaranthus

We found by meta-analyses that the accumulation of Ni was 
significant in Amaranthus, with slightly different intensities 
among plant parts. Furthermore, we reported using the bio-
accumulation factor (BAF) values that the accumulation of 
Ni was similarly very low in and among plant parts. In our 
meta-analysis, we found that root accumulation was the most 
intensive, which was not supported by the very low BAF 
values in each plant part. Chunilall et al. (2005) reported 
similar conclusions about Amaranthus and identified the root 
as the most intensively accumulating plant part; however, the 
authors found higher differences in the accumulation poten-
tial than we did, mentioning Amaranthus as excluders for Ni. 
As for other genera, Berton et al. (2006) reported Ni concen-
tration in Phaseolus vulgaris L. grown in highly Ni-contam-
inated soil exceeding the maximum tolerable threshold value 
(5 mg kg−1), with the highest concentration found also in 
the root. This latter was also noticed for Fragaria ananassa 
Duchesne in a study by Roveda et al. (2016). Studying the 
maze, Lu et al. (2015) detected the highest concentration of 
Ni in roots; the authors highlighted that a great amount of 
Ni was accumulated in plant roots, despite the low soil Ni 
concentration. Also similarly to our results, Lago-Vila et al. 
(2015) emphasized the role of roots in accumulating Ni in 
high concentrations; therefore, according to the BAF values 
higher (> 1) than reported by our study, they classified the 
tested Festuca and Juncus species as good candidates for Ni 
phytostabilization. According to the intensive accumulation 
of individuals growing in Ni-contaminated soil compared to 
control ones and the low accumulation potential in above-
ground plant parts from contaminated soils, we recommend 
the use of Amaranthus for Ni immobilization rather than 
extraction.

Pb accumulation in Amaranthus

During the meta-analysis, we found that the accumulation 
of Pb was significant in Amaranthus, with slightly different 
intensities among plant parts. Furthermore, we reported by 
the bioaccumulation factor (BAF) values that accumulation 
was similarly low in and among plant parts. In this study, 
we observed that Pb accumulation in the stem was less 
intensive than that in the root and leaf, which was not sup-
ported by the similarly low BAF values in each plant part. 

Similar to our results, Abubakar et al. (2014) demonstrated 
the most intensive Pb accumulation in the root of A. cauda-
tus. Furthermore, the authors reported a negative correlation 
in the concentration between soil and aboveground plant 
parts, which was linked to the inhibitory characteristics of 
Pb during its accumulation and translocation into the stem 
and leaf. Aghelan et al. (2021) also made a similar state-
ment to our results; according to the authors, the root of 
A. caudatus was the best Pb accumulator plant part, which 
was, however, followed by the stem. Additionally, this latter 
paper presented lower BAF values for root (< 0.2) and stem 
(< 0.04) lower than those in this study. Assessing the results 
for other genera, Amin et al. (2018) also proved root as plant 
part accumulating Pb in the significantly highest concentra-
tions in Cyamopsis tetragonoloba (L.) Taub. and Sesamum 
indicum L. individuals, both of which, unlike Amaranthus in 
this study, were recognized as suggested species in Pb phy-
toremediation due to their high root BAF values (> 1) and 
high metal concentrations (> 100 mg kg−1). In their paper, 
Hesami et al. (2018) studied the element composition in 
the root and shoot of 16 species, out of which 10 species 
concentrated Pb primarily in the root, rather than in above-
ground parts. As a Pb-specific reason for the pattern, the 
high propensity of Pb to bind with organic and/or colloidal 
substances, thus the solubility of the Pb compound should 
also be taken into consideration (Chandrasekhar and Ray 
2019). Furthermore, Aery and Rana (2007) concluded that 
Pb had a highly concentration-dependent nature of interac-
tion with both Cd and Zn, with that being synergistic by low 
and antagonistic by high metal concentrations. Observing 
various BAF values for these three metals, we support the 
findings by Aery and Rana (2007), also in the case of Ama-
ranthus species. Additionally, Agoramoorthy et al. (2009) 
attributed the intensive translocation of Pb to the in-planta 
and ex-planta multi-contamination patterns complemented 
by the accumulation-favoring positive effects of the water 
regime.

Zn accumulation in Amaranthus

Analyzing the RII values, we found that the accumulation of 
Zn was significant in Amaranthus, with different intensities 
among plant parts. Furthermore, assessing the bioaccumula-
tion factor (BAF) values, we reported that accumulation of 
Zn was similarly very low in and among plant parts. In this 
study, we showed that the accumulation of Zn in the stem 
was less intensive than that in the root and leaf, which was, 
however, not supported by the similarly very low BAF values 
in each plant part. The lower Zn accumulation potential of 
the stem compared to the root and leaf was also indicated 
by Carrión and Mendoza (2019) in A. hybridus, which was 
explained by the efficient regulation of the species to avoid 
translocation of Zn into aboveground woody plant parts. 
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Similarly, Ogbenna et al. (2019) highlighted the primary role 
of leaf in Zn accumulation in A. caudatus, with significantly 
lower concentrations in the stem. Excluding seedlings grow-
ing in an extremely Zn-contaminated environment, Lukatkin 
et al. (2021) reported that Amaranthus retroflexus L. was a 
species accumulating the majority of Zn also in the leaf, how-
ever, followed by the stem. Considering the Zn accumulation 
pattern in other weeds, mainly contrasting conclusions can be 
seen. Among others, Hesami et al. (2018) indicated various 
accumulation patterns among studied species, with gener-
ally the highest Zn concentrations in the root. Oladejo et al. 
(2017) demonstrated the same conclusion by assessing maize 
individuals on Zn-contaminated sites. Studying several ter-
restrial species, Oti (2015) demonstrated BAF values (< 0.2) 
similar to those shown in our study. Bioaccumulation was 
also very restricted (BAF < 0.4) in all the herbaceous species 
monitored by Rehman et al. (2018), who listed local climate 
and plant development stages as influencing factors not favor-
ing Zn accumulation. As another aspect, Yang et al. (2020) 
indicated the role of Cd-Zn antagonism by plant accumula-
tion; with low Zn and high Cd BAF values, we supported the 
same conclusion. Evaluating these results, we emphasize the 
ability of Amaranthus to be involved in Zn phytoremediation, 
which, unlike in several other genera, can be successful also 
by harvesting leaf as a major Zn-depository.

Conclusions

Based on the results of the meta-analysis, we highlighted that 
Amaranthus spp. accumulated each studied metal in signifi-
cantly higher concentrations in contaminated soils than in con-
trol ones. Amaranthus individuals, however, showed significant 
plant part-based differences in the accumulation of Cu and Fe, 
while that for Ni, Pb, and Zn was minor. Accumulation differ-
ences for Cd were low among root, stem, and leaf. Bioaccumu-
lation factor (BAF) values, comparing the metal concentration 
in plant parts to metal concentrations in contaminated soils, 
demonstrated various metal accumulation patterns for plant 
parts; we found very good Cd accumulation potential in Ama-
ranthus leaf, moderate in root and stem, while that for Pb was 
moderate, for Fe, Ni, and Zn very low in each plant part. Based 
on the results of the meta-analysis, we conclude that, in general, 
Amaranthus species respond to elevated soil metal concentra-
tions with significant accumulation in their root, stem, and leaf. 
Furthermore, supported by BAF values, studied amaranth spe-
cies have a high potential for Cd accumulation, primarily in 
leaves. Therefore, the collection and harvesting of Amaranthus 
from contaminated sites require the consideration of plant part-
specific accumulation patterns, while the involvement of other 
factors influencing metal accumulation (e.g., bioavailable metal 
pool, physical soil properties, sampling location) are also keys 
to perform proper evaluations in future studies.
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