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Abstract  We demonstrated the metal accumulation 
potential of Amaranthus retorflexus, a European weed 
species, both in moderately and strongly metal-con-
taminated sites. Metal accumulation in roots, stems, 
and leaves were studied. We also calculated the bio-
accumulation factor (BAF), and translocation factor 
(TF) values to quantify the metal accumulation, and 
translocation between plant organs. Our findings indi-
cated that metal accumulation correlated with metal 
concentration; that is plant organs accumulated higher 
concentration of metals in the contaminated area than 
in the control one. We found that the concentrations 
of Ba, Mn, Sr and Zn were the highest in leaves, and 
Al, Cr, Cu, Fe and Pb in roots. High BAF value was 
found for Sr in all studied areas, indicating this met-
al’s high accumulation potential of Amaranthus retor-
flexus. High TF values were found for Al, Ba, Cu, 

Fe, Mn, Sr and Zn; these metals were successfully 
transported to aboveground plant organs. We dem-
onstrated that A. retroflexus, a fast-growing, rapidly 
spreading weed in Europe, was especially useful for 
heavy metal phytoremediation and phytoextraction.
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Introduction

Industrialization also increases soil pollution (Khan 
et  al., 2021; Zwolak et  al., 2019). Amongst soil con-
taminants heavy metals is one of the most serious eco-
logical problems all over the world. High concentra-
tions of heavy metals can generate cytotoxic, genotoxic 
and mutagenic effects in living organisms (Tchounwou 
et  al., 2012). Heavy metals cause significant toxic 
impact also on plants when their concentration is 
higher than the threshold limits. Several heavy metals 
at high concentration are reported to inhibit vegetative 
growth and decrease the productivity of crops (Ngayila 
et al., 2009; Rascio & Navari-Izzo, 2011).

Phytoremediation refers to using plants and/or soil 
microbes to decrease the concentration of contami-
nants in the soil, water and air (Ali et al., 2013; Mahar 
et  al., 2016). Phytoremediation is a cost-effective, 
eco-friendly and novel remediation method within 
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bioremediation technologies (Ali et  al., 2013). One 
of the most important advantage of phytoremedia-
tion is that it is suitable for application in situ at large 
field sites where other remediation methods are not 
cost effective (Vocciante et al., 2017; Li et al., 2018). 
Phytoremediation involves growing of plants in the 
contaminated soil using cultivated plants or using the 
already existing plants for a growth period, to remove 
contaminants from the site (Dominguez-Rosado & 
Pichtel, 2004). The usefulness of phytoremediation 
depends upon duration of exposure, concentration of 
pollutants, environmental factors and plant character-
istics (Anand et al., 2017). During phytoremediation 
the usage of suitable, fast-growing plant is recom-
mended which has high capacity to accumulate mul-
tiple heavy metals in the above-ground parts of the 
plant. Weed species are preferred for phytoremedia-
tion as compared to most hyperaccumulators because 
of their potential of high biomass and ability to grow 
in deficient conditions (Ghosh & Singh, 2005).

Earlier studies demonstrated that weeds are good 
indicator of soil pollution (Salinitro et  al., 2019), 
and they can grow in various soils (Ramírez-Satoyo 
et  al., 2021). Earlier studies reported the usefulness 
of Amaranthus retroflexus in phytoremediation pro-
jects. Alsherif et  al. (2022) reported high biological 
concentration factor (BCF), and low translocation 
factor (TF) for Cu, As and Ni of A. retroflexus. They 
discussed stress defence strategies of A. retroflexus 
grown under complex heavy metal-contaminated 
area. Choudhury et  al. (2008) studied the arsenic 
accumulation potential of A. retroflexus. Chehregani 
et al. (2009) studied the concentration of total Cu, Fe, 
Zn, Pb and Ni in weed species, and A. retroflexus was 
the only one of them which accumulated these metals 
in high concentration. Ghazaryan et al. (2021) studied 
the phytoextraction potential of Melilotus officinalis 
and A. retroflexus for Cu and Mo. Their findings indi-
cated that the ability to transport the copper to above-
ground parts was more pronounced in A. retroflexus 
than M. officinalis (Ghazaryan et  al., 2021). Lukat-
kin et al. (2021) also studied the metal accumulation 
potential of A. retroflexus, which had high accumula-
tion potential in Pb- and Ni-contaminated soils.

Our study aimed to analyse metal accumulation 
and translocation potential of an early successional 
pioneer weed, Amaranthus retroflexus L., grown in 
moderately and strongly metal-contaminated soil. 
Redroot pigweed (A. retroflexus) can live on any type 

of soil and is widely distributed in Europe, so it can 
be used for bioremediation in a wide range of habi-
tat types. Based on earlier works (Baral et al., 2011; 
Chunilall et  al., 2005) we hypothesized that there is 
a good phytoremediation potential of this weed spe-
cies. Moreover, according to the pollution intensity-
dependent metal accumulation hypothesis (Tőzsér 
et  al., 2019a) we assumed a positive correlation 
between the metal accumulation rate and the level of 
soil contamination.

Materials and methods

Study area

The study area was a recultivated suburban area of 
Debrecen city, Hungary (47°29′000″N, 21°35′738″E); 
usually, it is mentioned as Lovász-zug (Fig.  1). The 
average annual temperature is ± 9.8  °C with − 2.0  °C 
average monthly temperature in January and ± 22.6 °C 
in July. The average annual rainfall is 570  mm with 
27-mm average monthly precipitation in February 
and 74  mm in June. The average annual sunshine 
hours slightly exceed 2000. Between the 1930s and 
1950s, the study area functioned as a secondary bio-
logical wastewater treatment unit, which was supple-
mented by physical treatment process later. In the early 
2000s, the development of treatment works resulted 
in the cessation of the lake system, allowing the 
recultivation of the area to begin. In the initial stage, 
the sand was spread on the sludge surface in varying 

Fig. 1   Studied areas with various contamination level
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thicknesses (80–120  cm) and the two components 
(sand and sludge) were not mixed. The surface of the 
area remained slightly uneven, so it is characterized by 
intermittent water cover, which is increasing from the 
northern to southern area (Tőzsér et al., 2018, 2019b).

Studied species

Amaranthus retroflexus is native in North America; 
in Europe it is a weed species (Király, 2009). It is 
a monoecious plant, which grows to 1.5  m tall, and 
often infests agronomic fields. The fast-growing 
species produce more leaf area and preempt growth 
resources would be expected to be more competitive 
than slow-growing species. A. retroflexus is one of 
the most frequent weed species in numerous agricul-
tural areas, ranked as the third widespread dicotyle-
donous weed species in the world (Fried et al., 2020; 
Kolářová et al., 2023).

Soil sampling and analysis

Soil samples were collected from three parts of 
study area (north, middle, south) in October 2020. 
From each part, five pooled soil samples were col-
lected (N = 15). Soil samples were collected with 
hand spade from 20-cm depth. All samples were 
put into plastic packages and were stored at ~ 4  °C 
until laboratory process. The control samples were 
collected from an uncontaminated area near, but 
outside the Lovász-zug area. In the laboratory, for 
the soil moisture content analysis 0.2  g of wet soil 
samples was put into porcelain pots, with an accu-
racy of 0.005 g. Then, samples were left overnight 
at 105  °C. After cooling, the weight of the porce-
lain pots was measured again. For soil pH measure-
ments, 5 g of soil samples was put into 25-ml plastic 
centrifuge tubes with an accuracy of 0.005 g. After 
this, 20  ml of deionized water was added to sam-
ples and soil solutions were shaken and left to settle 
overnight. Soil pH was determined from the solu-
tion using a portable multimeter (Hach HQ 40d). 
For the determination of soil organic matter (SOM), 
0.2 (± 0.005) g of soil samples was added into por-
celain pots and cremated at 550 °C for 4 h in a muf-
fle furnace (Nabertherm L5/C6, Germany) with loss 
on ignition method (Balogh et al., 2016; Heiri et al., 

2001). For the determination of calcium carbon-
ate content, the samples were cremated at 950  °C 
in a muffle furnace (Nabertherm L5/C6, Germany) 
for 2  h. For elemental analysis, 0.2  g of air-dried 
samples was homogenized using an agate mortar, 
put into 100-ml glass beakers with an accuracy of 
0.005 g, and dried at 105 °C overnight. Soil samples 
were digested in 10 ml 65% (m/m) HNO3 and 200 µl 
30% (m/m) H2O2 on hot plates until total evapora-
tion of the chemicals. Then, samples were diluted 
with 10  ml 1% (m/m) HNO3 into the centrifuge 
tubes (Simon et  al., 2013). The following elements 
were analysed with inductively coupled plasma opti-
cal emission spectrometry (ICP-OES Agilent 5110): 
Ag, Al, Ba, Bi, Ca, Cd, Co, Cu, Cr, Fe, K, Li, Mg, 
Mn, Na, Ni, Pb, Sr and Zn. All the concentration 
values demonstrated in our study refer to dry matter 
concentrations. Soil (BCR670) CRM was used and 
the recoveries were within of the 10% of the certi-
fied values for the elements.

Plant sampling and analysis

From each part of the study area samples of A. 
retroflexus were collected in October 2020. From 
each part of the study area and the control area 10 
individuals were randomly collected. All individu-
als were put into paper bags and were stored in the 
laboratory to dry. After separating plant parts, roots, 
stems and leaves were washed (Egwu et  al., 2019; 
Tőzsér et  al., 2019b) After air drying for 24  h, 
samples were dried in a drying oven at 60  °C for 
48  h. Root and stem samples were homogenized 
with laboratory machine, whilst leaf samples were 
homogenized in an agate mortar and stored in plas-
tic tubes. For elemental analysis, 0.1  g root, stem 
and leaf samples were digested with 10  ml 65% 
(m/m) HNO3, 2 ml deionized water and 200 µl 30% 
(m/m) H2O2. After digestion samples were diluted 
with 10  ml 1% (m/m) HNO3 into centrifuge tubes 
(Simon et  al., 2014, 2021). Elements (Al, Ba, Cd, 
Co, Cu, Cr, Fe, Mn, Ni, Pb, Sr and Zn) were ana-
lysed using inductively coupled plasma optical 
emission spectrometry (ICP-OES Agilent 5110). 
Peach leaves (1547) CRM was used and the recov-
eries were within of the 10% of the certified values 
for the elements.
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Bioaccumulation and translocation factor

To characterize the degree of uptake, bioaccumula-
tion factor (BAF) values were used, based on the soil 
and plant part concentration values using the follow-
ing equation:

where Cplant part is the metal concentration (mg kg−1, 
dry matter) detected in the selected plant part and 
Csoil is the metal concentration (mg kg−1, dry matter) 
detected in the growing media (Li et al., 2007; Rez-
vani & Zaefarian, 2011).

The translocation factor refers to the ratio of metal 
concentration in selected aboveground plant organs 
(Caboveground plant part) and metal concentration in roots 
(Croots) (Malik et al., 2010; Mellem et al., 2009):

Statistical analysis

Element concentrations of plants and soil samples 
were evaluated by principal component analysis 
(PCA). Levene test was used to test the homogeneity 

(1)BAF =
Cplant part

Csoil

,

TF =
Caboveground plant part

Croots

of variances. For comparing mean concentration val-
ues of plants and soil samples one-way ANOVA was 
used based on studied areas.

Results

Metal concentration in soil

We found a significant difference amongst the studied 
areas based on metal concentration of the soil using 
PCA analysis (Fig.  2). The concentration of all ele-
ments, but Cd, Cu and Zn, was significantly (p < 0.05) 
differed amongst the studied sites (Al: F = 3.629, 
p = 0.036; Ba: F = 172.844, p < 0.001; Cd: F = 3.152, 
p = 0.054; Co: F = 10.491, p < 0.001; Cr: F = 393.921, 
p < 0.001; Cu: F = 0.988, p = 0.423; Fe: F = 9.647, 
p = 0.001; Mn: F = 4.944, p = 0.013; Ni: F = 39.887, 
p < 0.001; Pb: F = 59.288, p < 0.001; Sr: F = 51.993, 
p < 0.001, Zn: F = 2.084, p = 0.143). Concentrations 
of Ba, Cr and Pb were higher in the contaminated 
sites than the control one (Table 1).

Metal accumulation in plant parts

Based on the metal concentrations, different plant 
parts were clearly separated from each other in all 
studied areas (Fig. 3; SM Table 1).

Fig. 2   PCA scatterplot 
based on elemental concen-
tration of soil
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Table 1   Average 
concentration of metals 
(± SE) in soil in the studied 
areas (N = 5)

Different superscript letters indicate significant differences (p < 0.05).

Elements Control site Moderately 
contaminated 
site 1

Strongly 
contaminated 
site

Moderately 
contaminated 
site 2

Threshold limit

Al, g/kg 8 ± 1a 8 ± 1a 9 ± 1a 9 ± 1a -
Ba, mg/kg 81 ± 4a 147 ± 11b 126 ± 8c 42 ± 7d 250
Cd, mg/kg 1 ± 1a 2 ± 1a 2 ± 1a 1 ± 1a 1
Co, mg/kg 4 ± 1a 5 ± 1b 6 ± 1bc 6 ± 1bd 30
Cr, mg/kg 12 ± 1a 112 ± 10b 141 ± 10b 17 ± 3b 75
Cu, mg/kg 43 ± 3a 60 ± 5b 57 ± 4b 23 ± 4a 75
Fe, g/kg 10 ± 1a 14 ± 1b 14 ± 1b 14 ± 2b -
Mn, mg/kg 359 ± 25a 385 ± 15a 338 ± 7a 304 ± 62a -
Ni, mg/kg 13 ± 1a 21 ± 1bc 25 ± 1bc 19 ± 3b 40
Pb, mg/kg 25 ± 7a 37 ± 3b 35 ± 2b 8 ± 1c 100
Sr, mg/kg 103 ± 9a 91 ± 4b 84 ± 5b 49 ± 9c -
Zn, mg/kg 402 ± 448a 216 ± 12b 216 ± 17b 48 ± 6c 100

Fig. 3   Plot of the principal component analysis (PCA) based on elemental concentration in parts (roots, leaves and stems) of A. ret-
roflexus in the studied sites
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On the moderately contaminated site 1 of the 
study area, the concentrations of Ba, Mn, Sr and Zn 
were the highest in leaves, and the concentrations of 
Al, Cr, Cu, Fe and Pb were the highest in roots. On 
the strongly contaminated site of the study area, the 
concentrations of Ba, Mn, Sr and Zn were the high-
est in leaves, and the concentrations of Al, Cr, Cu, Fe 
and Pb were the highest in roots. On the moderately 
contaminated site 2 of the study area concentrations 
of Ba, Cu, Mn and Sr were the highest in leaves, and 
concentrations of Al, Cr, Fe, Pb and Sr were the high-
est in roots (Table 1).

Significant difference was found in Ba, Cr, Cu, Pb 
and Sr concentrations of A. retroflexus roots amongst 
the studied areas. The highest concentrations of Ba, 
Cr, Cu, Pb and Sr were detected at the strongly con-
taminated site (Table 1). The Al, Ba, Cu, Fe, Mn, Sr 
and Zn concentrations in stems of A. retroflexus were 
also significantly different amongst the studied sites. 
Concentrations of Ba, Cr, Cu, Pb and Sr were signifi-
cantly higher in the contaminated sites than in control 
one (Table 2). The concentrations of Al, Ba, Cr, Cu, 
Fe, Mn, Sr and Zn in leaves of A. retroflexus differed 
significantly amongst the studied sites. Concentra-
tions of Al, Ba, Cr, Cu, Fe, Mn, Sr and Zn were sig-
nificantly higher in the contaminated sites, than in the 
control site (Table 2).

Values of BAF and TF

Higher BAF value than 1 was found for the Sr in all 
studied areas (Table 3). Higher TF values than 1 were 
also found for the Ba, Mn and Sr in all studied areas 
(Table  4). For the Al and Fe higher TF values than 
1 were found only in the moderately contaminated 
site 1 of the area (Table 4). The TF value of Zn was 
higher than 1 in the control site, the moderately con-
taminated site 1 and the strongly contaminated site. 
We also found higher value of TF than 1 for the Cu 
but only in the moderately contaminated sites 1 and 
2 (Table 4).

Discussion

Amaranthus species are known as good bioaccumula-
tor plants (Baral et  al., 2011; Chunilall et  al., 2005; 
Peter & Gandhi, 2017; Venskutonis & Kraujalis, 
2013). We investigated the bioaccumulation potential Ta
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of Amaranthus retroflexus on different contaminated 
sites. In line with our hypothesis, A. retroflexus 
proved to be a good accumulator species. Further-
more, confirming our hypothesis, there was a posi-
tive correlation between its metal accumulation rate 
and the level of soil contamination. The stems and 
leaves of A. retroflexus accumulated higher concen-
trations of metals in the contaminated sites than in the 
control sites. We found that the metal accumulation 
rate differed significantly amongst plant organs; the 
concentrations of Ba, Mn, Sr and Zn were the high-
est in leaves, whilst Al, Cr, Cu, Fe and Pb in roots. 
So, amongst the plant organs the leaf and root have 
a prominent role in metal accumulation. Higher BAF 
value than 1 was found only for Sr, indicating high 
accumulation potential of A. retorflexus for this metal.

In our study, Pb concentrations ranged from 1.11 
to 3.09 mg/kg in the plant parts of A. retroflexus. Phy-
toextraction studies of other weed species, Chenopo-
dium album and Tripleurospermum inodorum in the 
same study area (Tőzsér et  al., 2019b), showed that 
Pb concentration in leaves of C. album ranged from 
0.03 to 0.06 mg/kg, whilst in stems ranged from 0.07 
to 0.08 mg/kg and in roots from 0.06 to 0.1 mg/kg. 
Furthermore, the Pb concentration in leaves of T. ino-
dorum was between 0.03 and 0.06  mg/kg, in stems 
0.03 and 0.05 mg/kg and in roots 0.06 and 0.16 mg/
kg (Tőzsér et al., 2019b). Both weeds showed lower 
Pb accumulation rate than A. retroflexus. Also, lower 
Pb concentration (between 0.0014 and 0.0018 mg/kg) 
was found in A. retroflexus along the Makera Drain 
in Nigeria during phytoextraction on irrigated areas 
(Mohammed & Folorunsho, 2015). In contrast, in a 
study with Amaranthus viridis in Lagos, Nigeria, 
lead concentrations were 68–152  mg/kg in leaves, 
48–131 mg/kg in stems and 50–369 mg/kg in roots. 
The study area, however, was located along a high-
way with extreme pollution (Atayese et  al., 2008). 
Also in Lagos, Nigeria Adewuyi et al. (2010) inves-
tigated metal uptake of Amaranthus caudatus at a 
landfill when Pb concentrations in the plant ranged 
from 68.7 to 145 (mg/kg). The highest Pb concentra-
tion in the Amaranthus tricolor was 132.69 mg/kg in 
EDTA-treated soil of a sewage-contaminated area in 
El-Gabal El-Asfar in Egypt (Awad et al., 2021).

In our study, the Zn concentration in the leaves 
of A. retroflexus ranged from 17.84 to 57.02 mg/kg, 
stems from 18.65 to 25.42 mg/kg, respectively, and in 
roots ranged from 23.49 to 34.58 mg/kg. In the same Ta
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area in the leaves of C. alba the Zn concentration 
ranged 2.77–5.92  mg/kg, 1.08–1.46  mg/kg in stems 
and 1.29–1.71 mg/kg in roots. Whilst in the leaves of 
T. inodorum the Zn concentration was 1.68–2.92 mg/
kg, 1.42–2.70 mg/kg in the stem and 1.36–2.89 mg/kg 
in the root (Tőzsér et al., 2019b). The zinc uptake of 
A. caudatus was also analysed in a landfill of Lagos, 
Nigeria. The concentration of Zn in the plant ranged 
from 14.6 to 39.9  mg/kg (Adewuyi et  al., 2010) 
which was like our finding. A. caudatus was also 
studied in Ibadan, Nigeria to monitor phytoextraction 
capacity. The measured values were higher in stems 
(105.75 mg/kg) and in roots (92.15 mg/kg than in our 
plant organs (Thomas & Omueti, 2012). Zn uptake 
by A. retroflexus was also investigated along irrigated 
areas of Mohammed and Folorunsho’s (2015) stud-
ies (Makera Drain, Nigeria) where the Zn concentra-
tion ranged from 14.19 to 69.07 mg/kg. Zn uptake of 
Amaranthus hybridus L. was also studied in Nigeria 
where the Zn concentration in leaves ranged from 
14.2 to 37.2 mg/kg, in stems from 12.7 to 21.4 mg/kg 
and in roots ranged from 11.2 to 29 mg/kg (Oluwato-
sin et  al., 2009). Chinmayee et  al. (2012) also stud-
ied the zinc uptake of Amaranthus spinosus in soils 
treated with zinc sulphate under laboratory condi-
tions. Zn accumulation was between 78 and 364 mg/
kg in the leaves, 64 and 348 mg/kg in the stems and 
82 and 234  mg/kg in the roots (Chinmayee et  al., 
2012) which are lower concentration values compared 
to our results. In Egypt, Awad et al. (2021) tested the 
A. tricolor’s bioaccumulation potential in soil treated 
with ethylene diamine tetraacetic acid (EDTA), 

poultry litter extract (PLE), vinasse sugarcane (VSC) 
and humic acid (HA). The highest Zn concentration 
was 185.64 mg/kg in the plants that grew in the soil 
with added EDTA (Awad et al., 2021).

In our study the copper concentration in the leaves 
of A. retroflexus ranged from 4.20 to 4.97 mg/kg, in 
stems from 1.20 to 3.18  mg/kg and in roots ranged 
from 4.30 to 7.30 mg/kg. In the same study area, the 
concentration of Cu in leaves of C. album ranged from 
0.55 to 12.2 mg/kg, in stems from 0.31 to 1.98 mg/
kg and in roots ranged from 0.37 to 0.44 mg/kg. The 
copper concentrations of T. inodorum in leaves ranged 
from 0.65 to 22.2 mg/kg, in stems ranged from 0.27 to 
0.33 mg/kg and in roots ranged from 0.54 to 0.64 mg/
kg (Tőzsér et  al., 2019b). Mohammed and Folorun-
sho (2015) also studied the concentration of Cu in A. 
retroflexus in irrigated areas, but they found higher 
values compared to our results (14.19–69.07 mg/kg) 
(Mohammed & Folorunsho, 2015). Concentration of 
copper was between 171 mg/kg and 209 mg/kg in A. 
caudatus in a Lagos landfill (Adewuyi et  al., 2010). 
Whilst in A. spinosus the concentration in plants 
grown on soil contaminated with copper sulphate was 
50–80 mg/kg in leaves, 23–133 mg/kg in stems and 
93–143  mg/kg in roots (Chinmayee et  al., 2012). In 
a study, the highest Cu concentration in A. tricolor 
was 36.54 mg/kg, where EDTA was added to the soil 
(Awad et al., 2021).

In our study the concentration of Fe in A. retro-
flexus leaves ranged from 193.81 to 238.40 mg/kg, in 
stems from 33.66 to 89.98 mg/kg and in roots ranged 
from 466.98 to 686.46 mg/kg. In the same study area, 

Table 4   Translocation factor (TF) (mean ± SE) based on the metal concentration in plant parts

TF values higher than 1 marked with bold

Elements Control site Moderately contaminated 
site 1

Strongly contaminated site Moderately contaminated 
site 2

TFstems/roots TFleaves/roots TFstems/roots TFleaves/roots TFstems/roots TFleaves/roots TFstems/roots TFleaves/roots

Al 0.1 ± 0.03 0.5 ± 0.2 0.2 ± 0.2 1.0 ± 1.0 0.1 ± 0.1 0.4 ± 0.2 0.2 ± 0.1 0.4 ± 0.2
Ba 1.0 ± 0.2 2.0 ± 0.6 1.3 ± 0.6 4.1 ± 2.1 1.0 ± 0.2 3.3 ± 1.0 1.1 ± 0.3 2.7 ± 0.9
Cr  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001
Cu 0.6 ± 0.1 0.8 ± 0.1 0.5 ± 0.2 1.0 ± 0.6 0.4 ± 0.1 0.6 ± 0.2 0.8 ± 0.1 1.2 ± 0.2
Fe 0.1 ± 0.04 0.6 ± 0.2 0.2 ± 0.2 1.0 ± 1.0 0.1 ± 0.1 0.4 ± 0.2 0.2 ± 0.1 0.4 ± 0.3
Mn 0.5 ± 0.1 3.1 ± 1.3 0.5 ± 0.5 2.5 ± 2.5 0.3 ± 0.2 1.4 ± 1.2 0.5 ± 0.2 1.7 ± 0.6
Pb 0.3 ± 0.4 0.4 ± 0.4 0.1 ± 0.2 0.2 ± 0.3 0.1 ± 0.2 0.1 ± 0.2  < 0.001  < 0.001
Sr 1.3 ± 0.1 3.0 ± 0.7 1.1 ± 0.4 2.7 ± 0.9 1.4 ± 0.3 2.9 ± 0.9 1.2 ± 0.3 3.0 ± 0.6
Zn 0.7 ± 0.1 1.1 ± 0.2 0.8 ± 0.2 2.3 ± 1.0 0.8 ± 0.2 1.1 ± 0.4 0.9 ± 0.2 0.9 ± 0.3
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the concentration of Fe in leaves of C. album ranged 
from 6.52 to 29.6  mg/kg, in stems from 1.99 to 
5.44 mg/kg and in roots ranged from 4.92 to 15 mg/
kg. The concentrations of Fe in T. inodorum leaves 
ranged from 9.23 to 60.4 mg/kg, in stems from 05.84 
to 7.14 mg/kg in roots ranged from 17.3 to 32.6 mg/
kg (Tőzsér et  al., 2019b). Mohammed and Folorun-
sho (2015) and Adewuyi et al. (2010) also studied the 
Fe uptake in A. retroflexus and A. caudatus. In these 
studies, the concentration of Fe in plants ranged from 
6.75 to 21.8 mg/kg.

In our study Cr was detected at low levels in some 
organs (roots, stems and leaves) of A. retroflexus. In 
a study conducted in the same study area, C. album 
also accumulated Cr at a low rate, as Cr concentra-
tion in the leaf was 0.06 mg/kg, in the stem 0.03 mg/
kg and in the root 0.13  mg/kg. In T. inodorum the 
measured concentrations of chromium in leaves, 
stems and roots were 0.09, 0.15 and 0.37  mg/kg, 
respectively. Cr was also detected at low concentra-
tion (0.058–2.80 mg/kg) in A. retroflexus at the area 
of Lagos (Mohammed & Folorunsho, 2015). Whilst 
Chinmayee et al. (2012) measured high Cr concentra-
tion in A. spinosus L. in leaf (22–30 mg/kg), in stem 
(15–22 mg/kg) and in root (18–28 mg/kg).

In our study the concentration of Mn in the leaves 
of A. retroflexus ranged from 20.20 to 29.01  mg/
kg, in the stems from 3.47 to 7.91  mg/kg and in 
the roots ranged from 43 to 18.32  mg/kg. In a pre-
vious study on the same area, Mn concentration 
was 1.29–4.94  mg/kg in the leaves of C. album, 
0.47–0.90  mg/kg in the stems and 0.51–1.31  mg/kg 
in the roots. In T. inodorum the measured concen-
tration of Mn was 3.55–9.56  mg/kg in the leaves, 
1.44–3.77  mg/kg in the stems and 1.47–3.09  mg/kg 
in the roots (Tőzsér et al., 2019b). In a Lagos landfill 
Mn concentration in A. caudatus ranged from 2.52 to 
11.2 mg/kg (Adewuyi et al., 2010).

Conclusion

Amaranthus retroflexus is fast-growing, rapidly spread-
ing weed species in Europe. We demonstrated that 
A. retroflexus have a good metal accumulation and 
translocation potential, especially for Al, Ba, Cu, Fe, 
Mn, Sr and Zn. A. retroflexus is widely distributed 
in metal-contaminated soils suggesting a promising 

opportunity for metal phytoremediation, especially for 
phytoextraction.

Acknowledgements  We acknowledge the Department of 
Inorganic and Analytical Chemistry at the University of Debre-
cen for the elemental analysis with ICP-OES.

Author contribution  Bianka Sipos, Edina Simon and Tibor 
Magura took part in collecting the material, setting up and con-
ducting the experiment, processing the data obtained and dis-
cussing the materials. Bianka Sipos and Bibi Dina prepared the 
analytical samples and discussed the materials. Edina Simon, 
Béla Tóthmérész and Tibor Magura contributed to the data 
analysis and editing of the final version of the manuscript.

Funding  Open access funding provided by University of 
Debrecen.

Data availability  Not applicable.

Declarations 

Ethics approval  All authors have read, understood and have 
complied as applicable with the statement on “Ethical responsi-
bilities of Authors” as found in the Instructions for Authors and 
are aware that with minor exceptions, no changes can be made 
to authorship once the paper is submitted.

Consent to participate  All authors consented to participate.

Consent for publication  All authors consented to the pub-
lication.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

http://creativecommons.org/licenses/by/4.0/


	 Environ Monit Assess (2023) 195:790

1 3

790  Page 10 of 11

Vol:. (1234567890)

References

Adewuyi, G. O., Dawodu, F. A., & Jibiri, N. J. (2010). Studies 
of the concentration levels of heavy metals in vegetables 
(Amaranthus caudatus) grown in dumpsites within Lagos 
metropolis, Nigeria. Pacific Journal of Science and Tech-
nology, 11, 616–621.

Ali, H., Khan, E., & Sajad, M. A. (2013). Phytoremediation of 
heavy metals—Concepts and applications. Chemosphere, 
91, 869–881. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2013.​
01.​075

Alsherif, E. A., Al-Shaikh, T. M., & AbdElgawad, H. (2022). 
Heavy metal effects on biodiversity and stress responses 
of plants inhabiting contaminated soil in Khulais, Saudi 
Arabia. Biology, 11, 164. https://​doi.​org/​10.​3390/​biolo​
gy110​20164

Anand, S., Bharti, S.K., Dviwedi, N., Barman, S.C., & Kumar, 
N. (2017). Macrophytes for the reclamation of degraded 
waterbodies with potential for bioenergy production. In 
Phytoremediation Potential of Bioenergy Plants (pp. 333–
351). Springer Singapore.

Atayese, M., Eigbadon, A. I., Oluwa, K. A., & Adesodun, J. 
K. (2008). Heavy metal contamination of amaranthus 
grown along major highways in Lagos, Nigeria. African 
Crop Science Journal, 16, 225–235. https://​doi.​org/​10.​
4314/​acsj.​v16i4.​54390

Awad, M., El-Desoky, M. A., Ghallab, A., Kubes, J., Abdel-
Mawly, S. E., Danish, S., Ratnasekera, D., Islam, M. 
S., Skalicky, M., Brestic, M., Baazeem, A., Alotaibi, S. 
S., Javed, T., Shabbir, R., Fahad, S., Rahman, M. H., & 
EL Sabagh, A. (2021). Ornamental plant efficiency for 
heavy metals phytoextraction from contaminated soils 
amended with organic materials. Molecules, 26, 3360–
3374. https://​doi.​org/​10.​3390/​molec​ules2​61133​60

Balogh, Zs., Harangi, S., Gyulai, I., Braun, M., Hubay, K., 
Tóthmérész, B., & Simon, E. (2016). Exploring river 
pollution based on sediment analysis in the Upper Tisza 
region (Hungary). Environmental Science and Pollu-
tion Research, 24, 4851–4859. https://​doi.​org/​10.​1007/​
s11356-​016-​8225-5

Baral, M., Datta, A., Chakraborty, S., & Chakraborty, P. 
(2011). Pharmacognostic studies on stem and leaves 
of Amaranthus spinosus Linn. International Journal 
of Applied Biology and Pharmaceutical Technology, 2, 
41–47. https://​doi.​org/​10.​26502/​ijabpt.​202115

Chehregani, A., Noori, M., & Yazdi, H. L. (2009). Phytore-
mediation of heavy-metal-polluted soils: Screening for 
new accumulator plants in Angouran mine (Iran) and 
evaluation of removal ability. Ecotoxicology and Envi-
ronmental Safety, 72, 1349–1353. https://​doi.​org/​10.​
1016/j.​ecoenv.​2009.​02.​012

Chinmayee, M. D., Mahesh, B., Pradesh, S., Mini, I., & 
Swapna, T. S. (2012). The assessment of phytoremedia-
tion potential of invasive weed Amaranthus spinosus L. 
Applied Biochemistry and Biotechnology, 167, 1550–
1559. https://​doi.​org/​10.​1007/​s12010-​012-​9657-0

Choudhury, M. R. Q., Islam, S. T., Alam, R., Ahmad, I., 
Zaman, W., Sen, R., & Alam, M. N. (2008). Effects of 
arsenic on Red Amaranth (Amaranthus retroflexus L.). 

American-Eurasian Journal of Scientific Research, 3, 
48–53.

Chunilall, V., Kindness, A., & Jonnalagadda, S. B. (2005). 
Heavy metal uptake by two edible Amaranthus herbs 
grown on soils contaminated with lead, mercury, cad-
mium, and nickel. Journal of Environmental Science 
and Health, 40, 375–384. https://​doi.​org/​10.​1081/​PFC-​
20004​5573

Dominguez-Rosado, E., & Pichtel, J. (2004). Phytoremedia-
tion of soil contaminated with used motor oil: II. Green-
house studies. Environmental Engineering Science, 21, 
169–180. https://​doi.​org/​10.​1089/​10928​75047​73087​345

Egwu, O. C., Casmir, U. C., Victor, U. C., Samuel, U. C., 
Dickson, M. A., & Oluwanisola, O. W. (2019). Evalu-
ation and ecological risk assessment of selected heavy 
metal pollution of soils and Amaranthus cruentus and 
Telfairia occidentalis grown around dump site in Chan-
chaga Minna, Niger State, Nigeria. Asian Journal of 
Environment & Ecology, 10, 1–16. https://​doi.​org/​10.​
9734/​AJEE/​2019/​v10i2​30114

Fried, G., Chauvel, B., Munoz, F., & Reboud, X. (2020). 
Which traits make weeds more successful in maize 
crops? Insights from a three-decade monitoring in 
France. Plants, 9, 40. https://​doi.​org/​10.​3390/​plant​s9010​
040

Ghazaryan, K. A., Movsesyan, H. S., Minkina, T. M., Sush-
kova, S. N., & Rajput, T. M. (2021). The identification 
of phytoextraction potential of Melilotus officinalis and 
Amaranthus retroflexus growing on copperand molyb-
denum-polluted soils. Environmental Geochemistry 
and Health, 43, 1327–1335. https://​doi.​org/​10.​1007/​
s10653-​019-​00338-y

Ghosh, M., & Singh, S. P. (2005). A comparative study of cad-
mium phytoextraction by accumulator and weed species. 
Environmental Pollution, 133, 365–371. https://​doi.​org/​
10.​1016/j.​envpol.​2004.​05.​015

Heiri, O., Lotter, A. F., & Lemcke, G. (2001). Loss on igni-
tion as a method for estimating organic and carbonate con-
tent in sediments: Reproducibility and comparability of 
results. Journal of Paleolimnology, 25, 101–110. https://​
doi.​org/​10.​1023/A:​10081​19611​481

Khan, S., Naushad, M., Lima, E. C., Zhang, S., Shaheen, S. M., 
& Rinklebe, J. (2021). Global soil pollution by toxic ele-
ments: Current status and future perspectives on the risk 
assessment and remediation strategies — A review. Jour-
nal of Hazard Materials, 417, 126039. https://​doi.​org/​10.​
1016/j.​jhazm​at.​2021.​126039

Király, G. (Ed.). (2009). New Hungarian herbal (p. 616). The 
Vascular Plants of Hungary. Identification keys. Publisher.

Kolářová, M., Piskáčková, T. A. R., Tyšer, L., & Hoová, T. T. 
(2023). Characterisation of Czech arable weed communi-
ties according to management and production area consid-
ering the prevalence of herbicide-resistant species. Weed 
Research, 63, 57–67. https://​doi.​org/​10.​1111/​wre.​12565

Li, M. S., Luo, Y. P., & Su, Z. Y. (2007). Heavy metal concen-
trations in soils and plant accumulation in a restored man-
ganese mineland in Guangxi, South China. Environmental 
Pollution, 147, 168–175. https://​doi.​org/​10.​1016/j.​envpol.​
2006.​08.​006

Li, L., Li, W., Song, W., & Guo, M. (2018). Remediation tech-
niques for heavy metal-contaminated soils: Principles and 

https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.3390/biology11020164
https://doi.org/10.3390/biology11020164
https://doi.org/10.4314/acsj.v16i4.54390
https://doi.org/10.4314/acsj.v16i4.54390
https://doi.org/10.3390/molecules26113360
https://doi.org/10.1007/s11356-016-8225-5
https://doi.org/10.1007/s11356-016-8225-5
https://doi.org/10.26502/ijabpt.202115
https://doi.org/10.1016/j.ecoenv.2009.02.012
https://doi.org/10.1016/j.ecoenv.2009.02.012
https://doi.org/10.1007/s12010-012-9657-0
https://doi.org/10.1081/PFC-200045573
https://doi.org/10.1081/PFC-200045573
https://doi.org/10.1089/109287504773087345
https://doi.org/10.9734/AJEE/2019/v10i230114
https://doi.org/10.9734/AJEE/2019/v10i230114
https://doi.org/10.3390/plants9010040
https://doi.org/10.3390/plants9010040
https://doi.org/10.1007/s10653-019-00338-y
https://doi.org/10.1007/s10653-019-00338-y
https://doi.org/10.1016/j.envpol.2004.05.015
https://doi.org/10.1016/j.envpol.2004.05.015
https://doi.org/10.1023/A:1008119611481
https://doi.org/10.1023/A:1008119611481
https://doi.org/10.1016/j.jhazmat.2021.126039
https://doi.org/10.1016/j.jhazmat.2021.126039
https://doi.org/10.1111/wre.12565
https://doi.org/10.1016/j.envpol.2006.08.006
https://doi.org/10.1016/j.envpol.2006.08.006


Environ Monit Assess (2023) 195:790	

1 3

Page 11 of 11  790

Vol.: (0123456789)

applicability. Science of the Total Environment, 633, 206–
219. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​03.​161

Lukatkin, A.S., Bashmakov, D.I., Al Harbawee, W.E.Q.,da 
Silva, J.A.T. (2021). Assessment of physiological and bio-
chemical responses of Amaranthus retroflexus seedlings 
to the accumulation of heavy metals with regards to phy-
toremediation potential. International Journal of Phytore-
mediation, 3, 219–230. https://​doi.​org/​10.​1080/​15226​514.​
2020.​18079​04

Mahar, A., Wang, P., Ali, A., Awasthi, M. K., Lahori, A. H., 
Wang, Q., Li, R., & Zang, Z. (2016). Challenges and 
opportunities in the phytoremediation of heavy metals 
contaminated soils: A review. Ecotoxicology and Envi-
ronmental Safety, 126, 111–121. https://​doi.​org/​10.​1016/j.​
ecoenv.​2015.​12.​023

Malik, R. N., Husain, S. Z., & Nazir, I. (2010). Heavy metal 
contamination and accumulation in soil and wild plant 
species from industrial area of Islamabad, Pakistan. Paki-
stan Journal of Botany, 42, 291–301.

Mellem, J. J., Baijnath, H., & Odhav, B. (2009). Translocation 
and accumulation of Cr, Hg, As, Pb, Cu and Ni by Ama-
ranthus dubius (Amaranthaceae) from contaminated sites. 
Journal of Environmental Science and Health A, 44, 568–
575. https://​doi.​org/​10.​1080/​10934​52090​27845​83

Mohammed, S. A., & Folorunsho, J. O. (2015). Heavy metals 
concentration in soil and Amaranthus retroflexus grown 
on irrigated farmlands in the Makera Area, Kaduna, Nige-
ria. Journal of Geography and Regional Planning, 8, 
210–217. https://​doi.​org/​10.​5897/​JGRP2​015.​0498

Ngayila, N., Botineau, M., Baudu, M., & Basly, J. P. (2009). 
Myriophyllum alterniflorum DC. Effect of low concentra-
tions of copper and cadmium on somatic and photosyn-
thetic endpoints: A chemometric approach. Ecological 
Indicator, 9, 307–312. https://​doi.​org/​10.​1016/j.​ecoli​nd.​
2008.​05.​006

Oluwatosin, G.A., Adeoyolanu, O.D., Ojo, A.O., Are, K.S., 
Dauda, O.T. & Aduramigba-Modupe, V.O. (2009). Heavy 
metal uptake and accumulation by edible leafy vegetable 
(Amaranthus hybridus L.) grown on urban valley bottom 
soils in Southwestern Nigeria. Soil and Sediment Contam-
ination: An International Journal, 19, 1–20. https://​doi.​
org/​10.​1080/​15320​38090​32529​11 

Peter, K., & Gandhi, P. (2017). Rediscovering the therapeu-
tic potential of Amaranthus species: A review. Egyptian 
Journal of Basic Applied Science, 4, 196–205. https://​doi.​
org/​10.​1016/j.​ejbas.​2017.​05.​001

Ramírez-Satoyo, L. F., Guzmán-Mendoza, R., Leyte-Manrique, 
A., & Salas-Arazia, M. D. (2021). Weed plants used as 
bioindicators of special soil characteristics. Hortic Inter-
national of Journal, 5, 21–23. https://​doi.​org/​10.​15406/​
hij.​2021.​05.​00197

Rascio, N., & Navari-Izzo, F. (2011). Heavy metal hyperaccu-
mulating plants: How and why do they do it? And what 
makes them so interesting? Plant Science, 180, 169–181. 
https://​doi.​org/​10.​1016/j.​plant​sci.​2010.​08.​016

Rezvani, M., & Zaefarian, F. (2011). Bioaccumulation and 
translocation factors of cadmium and lead in Aeluropus 
littoralis. Australasian Journal of Agricultural Engineer-
ing, 2, 114–119.

Salinitro, M., Tassoni, A., Casolari, S., de Laurentiis, F., Zappi, 
A., & Melucci, D. (2019). Heavy metals bioindication 

potential of the common weeds Senecio vulgaris L., 
Polygonum aviculare L. and Poa annua L. Molecules, 24, 
2813–2831. https://​doi.​org/​10.​3390/​molec​ules2​41528​13

Simon, E., Vidic, A., Braun, M., Fábián, I., & Tóthmérész, 
B. (2013). Trace element concentrations in soils along 
urbanization gradients in the city of Wien, Austria. Envi-
ronmental Science and Pollution Research, 20, 917–924. 
https://​doi.​org/​10.​1007/​s11356-​012-​1091-x

Simon, E., Baranyai, E., Braun, M., Cserháti, Cs., Fábián, I., 
& Tóthmérész, B. (2014). Elemental concentrations in 
deposited dust on leaves along an urbanization gradient. 
Science of the Total Environment, 490, 514–520. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2014.​05.​028

Simon, E., Molnár, V. É., Domonkos, L., Bibi, D., Tóthmrész, 
B., & Szabó, Sz. (2021). Usefulness of tree species as 
urban health indicators. Plants, 10, 2797–2809. https://​
doi.​org/​10.​3390/​plant​s1012​2797

Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., & Sutton, D.J. 
(2012). Heavy metal toxicity and the environment. Molec-
ular, Clinical and Environmental Toxicology, 101. ISBN 
978–3–7643–8339–8

Thomas, E., & Omueti, J. (2012). The effect of phosphate fer-
tilizer on heavy metal in soils and Amaranthus caudatus. 
Agriculture and Biology Journal of North America, 3, 145–
149. https://​doi.​org/​10.​5251/​ABJNA.​2012.3.​4.​145.​149

Tőzsér, D., Harangi, S., Baranyai, E., Lakatos, Gy., Fülöp, Z., 
Tóthmérész, B., & Simon, E. (2018). Phytoextraction with 
Salix viminalis in a moderately to strongly contaminated 
area. Environmental Science and Pollution Research, 25, 
3275–3290. https://​doi.​org/​10.​1007/​s11356-​017-​0699-2

Tőzsér, D., Magura, T., Simon, E., Mizser, S., Papp, 
D., & Tóthmérész, B. (2019a). Pollution intensity-
dependent metal accumulation in ground beetles: A 
meta-analysis. Environmental Science and Pollution 
Research, 26, 32092–32102. https://​doi.​org/​10.​1007/​
s11356-​019-​06294-5

Tőzsér, D., Tóthmérész, B., Harangi, S., Baranyai, E., Lakatos, 
Gy., Fülöp, Z., & Simon, E. (2019). Remediation potential 
of early successional pioneer species Chenopodium album 
and Tripleurospermum inodorum. Nature Conservation, 36, 
47–69. https://​doi.​org/​10.​3897/​natur​econs​ervat​ion.​36.​32503

Venskutonis, P. R., & Kraujalis, P. (2013). Nutritional compo-
nents of amaranth seeds and vegetables: A review on com-
position, properties, and uses. Comprehensive Reviews in 
Food Science and Food Safety, 12, 381–412. https://​doi.​
org/​10.​1111/​1541-​4337.​12021

Vocciante, M., Reverberi, A. P., Pietrelli, L., & Dovi, V. G. 
(2017). Improved remediation processes through cost-
effective estimation of soil properties from surface meas-
urements. Journal of Cleaner Production, 167, 680–686. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2017.​08.​168

Zwolak, A., Sarzyńska, M., Szpyrka, E., & Stawarczyk, K. 
(2019). Sources of soil pollution by heavy metals and 
their accumulation in vegetables: A review. Water Air 
and Soil Pollution, 230, 164–173. https://​doi.​org/​10.​1007/​
s11270-​019-​4221-y

Publisher’s note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1016/j.scitotenv.2018.03.161
https://doi.org/10.1080/15226514.2020.1807904
https://doi.org/10.1080/15226514.2020.1807904
https://doi.org/10.1016/j.ecoenv.2015.12.023
https://doi.org/10.1016/j.ecoenv.2015.12.023
https://doi.org/10.1080/10934520902784583
https://doi.org/10.5897/JGRP2015.0498
https://doi.org/10.1016/j.ecolind.2008.05.006
https://doi.org/10.1016/j.ecolind.2008.05.006
https://doi.org/10.1080/15320380903252911
https://doi.org/10.1080/15320380903252911
https://doi.org/10.1016/j.ejbas.2017.05.001
https://doi.org/10.1016/j.ejbas.2017.05.001
https://doi.org/10.15406/hij.2021.05.00197
https://doi.org/10.15406/hij.2021.05.00197
https://doi.org/10.1016/j.plantsci.2010.08.016
https://doi.org/10.3390/molecules24152813
https://doi.org/10.1007/s11356-012-1091-x
https://doi.org/10.1016/j.scitotenv.2014.05.028
https://doi.org/10.1016/j.scitotenv.2014.05.028
https://doi.org/10.3390/plants10122797
https://doi.org/10.3390/plants10122797
https://doi.org/10.5251/ABJNA.2012.3.4.145.149
https://doi.org/10.1007/s11356-017-0699-2
https://doi.org/10.1007/s11356-019-06294-5
https://doi.org/10.1007/s11356-019-06294-5
https://doi.org/10.3897/natureconservation.36.32503
https://doi.org/10.1111/1541-4337.12021
https://doi.org/10.1111/1541-4337.12021
https://doi.org/10.1016/j.jclepro.2017.08.168
https://doi.org/10.1007/s11270-019-4221-y
https://doi.org/10.1007/s11270-019-4221-y

	High phytoremediation and translocation potential of an invasive weed species (Amaranthus retroflexus) in Europe in metal-contaminated areas
	Abstract 
	Introduction
	Materials and methods
	Study area
	Studied species
	Soil sampling and analysis
	Plant sampling and analysis
	Bioaccumulation and translocation factor
	Statistical analysis

	Results
	Metal concentration in soil
	Metal accumulation in plant parts
	Values of BAF and TF

	Discussion
	Conclusion
	Acknowledgements 
	Anchor 18
	References


