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Abstract
Contamination of agricultural land by chromium (Cr) can inhibit physiological and biochemical processes in plants, leading 
to reduced crop productivity and food/feed safety. Owing to their fine size, large surface area, and high adsorption affinity 
for metals, nanomaterials have shown a potential for phytoremediation of heavy metal-contaminated soils. Nanomaterials 
enhance fitness of plants under metal stress through their modifying effects on plant physiology and biochemistry. The aim 
of this study was to assess the performance of sunflower (Helianthus annuus) plants grown in soil spiked with hexavalent 
chromium (Cr IV; 0, 75 and 150 ppm) and the potential role of nano-zerovalent iron (Fe0 nanoparticles; 0, 1 and 2%) to 
ameliorate Cr toxicity. Results revealed that the Cr uptake decreased by increasing the concentration of Fe0 nanoparticles, 
causing a significant enhancement in plant morphological and physiological attributes. Treatment with Fe0 nanoparticles 
reduced bioaccumulation factor (BAF) (in both root and shoot tissues) and translocation factor (TF); however, the magnitude 
of BAF and TF decreased significantly by increasing the level of Cr(VI). Chromium stress increased the activities of anti-
oxidant enzymes, which further increased by Fe0 nanoparticle application, resulting in improved growth traits. A significant 
positive correlation was found between growth, BAF and TF of seedlings treated with Fe0 nanoparticles (both 1 and 2%) 
upon Cr exposure (75 and 150 ppm). The results demonstrated the potential of Fe0 nanoparticles to improve performance 
of sunflower plants under Cr toxicity through reducing their Cr uptake, which was accompanied by enhanced activity of 
detoxification enzymes (SOD, CAT, POX, and APX) in cells.
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Introduction

An increase in urbanization rate and changes in urban life-
style imply an increase in the proportion of urban population 
and multiple changes in industrial policy, economic growth 
model, and household consumption pattern, which greatly 
increased environmental pollutions. Increasing pollution 
created by human activities has a negative effect on the bio-
physical environments and ecosystems. Management of a 
contaminated area is a complicated issue with several social, 
engineering and environmental consequences. The problem 
of heavy metals/and or semi-metals such as cadmium (Cd), 
mercury (Hg), nickel (Ni), lead (Pb), and chromium (Cr) 
accumulation in different environments is not new. Pollution 
levels in environmental platforms are due to farming and 
semi-industrial activities, energy provision, mining or waste 
disposal (Asgari Lajayer et al. 2017a; Prasad and Strzaka 
2002).
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Cr, the seventh most abundant elements on earth’s crust is 
released in soil during extensive industrial processes (Panda 
and Choudhury 2005). Leather industry, steel production, 
tile and well drilling release industrial wastewater into 
flowing freshwater and contribute to Cr pollution (Sunda-
ramoorthy et al. 2010). Cr may be found predominantly in 
all environments including soil, water and air, but soil is 
the major source for released Cr, as it can bond with soil 
particles and accumulate in it (Shanker et al. 2005). In the 
nature, Cr can be found in different oxidized forms, but its 
most stable forms are three-valent (III) and six-valent (VI) 
Cr. These two forms have completely different chemical 
properties and effects (Barnhart 1997). However, Cr(VI) is 
remarkably more toxic than Cr(III) and has been known as 
one of the most powerful carcinogenic agents in human and 
animal health (Cohen et al. 1993; Zayed et al. 1998). On the 
other hand, Cr(III) is less toxic and less mobile which mainly 
bonds with organic matter of the soil and aqueous media 
(Barton et al. 2000; Bishnoi et al. 1993). It has also been 
acknowledged that Cr(VI) represents in many regions in 
Europe one of the groundwater pollutants of major concern 
mostly due to its high toxicity, even synergistically enhanced 
in the presence of other groundwater contaminants and inor-
ganic species such as nitrate and heavy metals/metalloids 
(Vilardi et al. 2017).

As heavy metals negatively affect all groups of bioceno-
sis and ecosystem processes, environmental monitoring and 
application of proper refinery technologies are necessary. 
The capacity and efficiency removal of heavy metal methods 
depends on the employed technique, level of pollution and 
its type in the platform as well as presence of other pollut-
ants (their interaction, changes in pH and redox potential). 
In contrary to organic compounds (which can be possibly 
degraded or mineralized with final products of CO2 and 
H2O) heavy metals can be degraded to simpler forms and 
hence they will never be completely removed from the con-
taminated platforms. However, they can be immobilized or 
be absorbed by plants through a process called phytoreme-
diation (Jabeen et al. 2009; Juwarkar et al. 2010; Asgari 
Lajayer et al. 2017a, b). This is a biological tool in which 
species or varieties of the plants are selectedto accumulate 
inorganic pollutants or degrade the organic contaminants 
(Vamerali et al. 2010). Majority of the plant species show a 
low capability to extract specific elements from the rhizos-
phere zone (Marschner 1995). Therefore, they absorb unnec-
essary and even highly toxic elements. Adsorption of pol-
lutants/heavy metals by the plants and their accumulation in 
plant tissues has found considerable interest in recent years, 
but not only due to their negative impact on human health 
in the environment. Enhanced resistance of some crop plant 
species to toxic elements can effectively extract heavy metals 
from contaminated soil, urban wastewater and water which 
have introduced a highly promising tool in phytoremediation 

process (Kumar et al. 1995; Song et al. 2018; Asgari Lajayer 
et al. 2019). However, plants have developed various mecha-
nisms to overcome the toxic effects of heavy metals (Zenk 
1996) such as avoidance, detoxification and non-selective 
resistance approaches (for example, increased biosynthesis 
of free amino acids like proline) (Mehta and Gaur 1999; Alia 
and Matysik 2001). Most of the studies have emphasized on 
the physiological mechanisms, but relatively little is known 
regarding the genetic basis of specific species (Macnair et al. 
2000; Liang et al. 2019). Plant resistance toward toxic met-
als/metalloids is mainly dependent on the efficiency of its 
detoxification mechanisms in intracellular fluid (Piechalak 
et al. 2002; Clemens 2001). Heavy metal-contaminated soils 
may be subjected to various engineering remediation tech-
niques. One of the new strategies to improve the efficiency 
of phytoremediation is the use of nanoparticles. Presence 
of nanoparticles in rhizosphere stimulates plants’ growth 
and increases their resistance to the pollutants and act as 
an important agent in increasing the efficiency of phytoac-
cumulation/phytodegradation technique.

Our studies showed that the sunflower has a high potential 
for Cr accumulation, and its treatment with proper produc-
tive agents such as Fe0 nanoparticles can prevent Cr absorp-
tion. Thus, the aim of the present study was to investigate the 
application of Fe0 nanoparticles and their effects on morpho-
physiological performance in sunflower (Helianthus annuus 
L.) as well as their possible impact on improvement of anti-
oxidants’ capacity to prevent the toxicity induced by Cr(VI).

Materials and methods

Plant materials, experimental design 
and treatments

Sterilization of sunflower seeds was conducted using 1% 
sodium hypochlorite (NaOCl) for 5 min followed by their 
complete rinsing by distilled water. The seeds then experi-
enced 10 min soaking in distilled water. Plastic pots (con-
taining 4 kg of soil) were employed to sow the seeds. Irriga-
tion was conducted using tap water. The pH and EC of the 
examined soil were measured to be 7.20 and 1.65 dS m−1, 
respectively. The studied soil was classified as silt loam tex-
ture [(a mixture of silt (56%), sand (32%) and clay (12%)] 
with average organic matter of 0.78%, and total N, P and K 
concentrations of 0.094, 9.3, and 5.8 mg kg−1, respectively. 
For the first 2 weeks, the plants were only irrigated with tap 
water which was then thinned to five per pot prior to applica-
tion of any treatment. The applied treatments comprised dif-
ferent Cr concentrations (0, 75 and 150 ppm) and Fe0 nano-
powders (0, 1 and 2%). The first set of the seedlings with the 
age of 3 weeks were treated with various Cr concentrations, 
while the second set was considered as control group which 
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received no Cr treatment (treated with the same volume of 
distilled water). The treatments were conducted in triplicates 
where the pots were randomly arranged in a greenhouse. The 
plants’ growth condition involved the light/dark tempera-
tures of 28/18 °C, humidity of 75% and 16/8 h light/dark 
photoperiod with light intensity of 255 ± 25 μmol m−2s−1.

Properties of nano‑zerovalent iron

Nano Fe0 was supplied from Nanosany, an Iranian nano-
materials pioneers company, (Mashhad, Iran). The supplied 
materials were further analyzed by experimental procedures. 
The specific surface area (SSA) of the nano Fe0 was about 
8–14 m2 g−1, and its purity was more than 99%. The Fe0 NPs 
size was determined as 35–45 nm using a scanning electron 
microscope (SEM) apparatus (Fig. 1a). X-ray diffraction 
(XRD) (XPert PRO MPD, PANalytical) was also employed 
to evaluate the crystal structure of nano Fe0 particles. The 
mentioned instrument operated in the 2θ range of 30°–120°, 
voltage of 40 kV and current of 40 mA using Ni-filtered Cu 
Kα (λ = 0.15406 nm) radiation (Fig. 1b).

Sample preparation and measurement processes

Determination of root and shoot dry weight

In the 8th week of cultivation (corresponding to growth 
stage of BBCH 36–37), the plants were carefully removed 
from the pots and washed until no soil adhered to all the 
parts of roots. Shoot and roots were gently isolated to meas-
ure their weights. For assessing their dry matter, double-
distilled water was used to wash/rinse the shoots and roots 
followed by drying at 70 °C. Some of the samples were also 
kept to determine their physiological indices.

Estimation of Cr concentration

The ground and sieved samples (0.25 g) were digested by 
concentrated nitric acid and 30% H2O2. Then, 5 mL of con-
centrated HNO3 was added to 75-mL digestion tubes and 
kept overnight. The digestion tubes were put in a heating 
block (Tucker 1974) where they were heated to 60 °C, then 
3 mL of H2O2 was added and the samples were left to digest 
for 3 h at 150 °C. The products were cooled down, diluted, 
and filtered prior to the analyses. Atomic absorption spec-
trometry (AA-7000 Shimadzu, Japan) was used to assess 
chromium concentration in the digests.

Soil analyses were conducted after harvesting of sun-
flower seedlings. The soils were first air dried and sieved 
(using a 2-mm sieve). Then, 2.0 g of the soil sample was 
digested for 30 min by a solution containing HNO3 and 30% 
H2O2. Afterwards, they underwent a 15-min heating with 
concentrated HCl without boiling. The products were then 

cooled down, filtered and diluted to 50 mL using distilled 
water (Radojevic and Bashkin 1999).

Accumulation and translocation of heavy metals

The bioaccumulation and translocation factors can be 
applied to evaluate the phytoextraction efficiency of plants. 
The bioaccumulation factor is an indicator of plant efficiency 
to accumulate a metal within its tissues from its environ-
ment (Ladislas et al. 2012). This parameter was calculated 
by Zhuang et al. (2007):

where Charvested and Csoil indicate the target metal concen-
trations of the harvested plant tissue and soil (substrate), 
respectively.

Bioaccumulation factor (BAF) = Charvested tissue∕Csoil,

Fig. 1   a SEM micrograph of Fe0 NPs, the average size of the nano-
particle was 35–45 nm, b XRD pattern of Fe0 NPs
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Translocation factor is the criterion measuring the plant 
efficiency in translocation of the accumulated metal from its 
roots to shoots, which can be determined by Padmavathia-
mma and Li (2007):

where Cshoot denotes the metal concentration in plant shoots, 
whereas Croot shows the metal concentration within the plant 
roots.

Enzyme assays

The frozen shoot sample (0.5  g) was homogenized in 
0.05 Mphosphate buffer (pH 7.8) within an ice bath using 
the mortar grinding and a pestle with liquid nitrogen. The 
homogenized samples were then centrifuged (15,000 × g) for 
15 min at 4 °C. The obtained supernatants were kept at 4 °C 
to assess various antioxidant enzyme activities. The method 
of Bradford (1976) was employed to evaluate protein content 
using bovine serum albumin (BSA) as standard.

POX (EC 1.11.1.7) activity was measured at 470 nm in 
which the samples’ guaiacol–tetraguaiacol conversion abil-
ity was tested (extinction coefficient 26.6 mM−1 cm−1) as 
described by Chance and Maehly (1955).

H2O2 reduction was measured (extinction coefficient 
39.4 mM−1 cm−1) at 240 nm to assess the CAT (1.11.1.6) 
activity based on the method previously described by Aebi 
(1984).

APX (EC 1.11.1.11) activity was evaluated through 
1-min examination of A290 decline (extinction coefficient 
2.8 mM−1 cm−1) in 1 mL of a reaction mixture as developed 
by Nakano and Asada (1981). In the mentioned procedure, 
the reaction mixture contained 100 mM potassium phos-
phate buffer (pH 7.0), 2 mM H2O2, 0.5 mM ASC and a given 
level of enzyme extract. The reaction started by addition of 
the crude enzyme extract. Corrections were made consider-
ing the low non-enzymatic reduction of ascorbate (ASC) 
by H2O2.

The SOD (1.15.1.1) activity was conducted by the pro-
cedure as described by Dhindsa et al. (1980). This method 
relies on spectrophotometric evaluation of inhibition in the 
photochemical reduction of nitroblue tetrazolium (NBT) 
at 560 nm. For this purpose, an action mixture containing 
50 mM K phosphate buffer (pH 7.8), 13 mM methionine, 
75 μM NBT, 0.1 μM EDTA, 4 μM riboflavin and a spe-
cific amount of enzyme extract was used. The reaction initi-
ated upon addition of riboflavin to the solution and 15 min 
exposure of the tubes to fluorescent (15 W) irradiation. An 
enzyme-free reaction mixture which resulted in maximum 
color was employed as the control, while the blank sample 
was a non-irradiated complete reaction mixture. One unit 
of SOD activity is defined as the amount of enzyme needed 

Translocation factor (TF) = Cshoot∕Croot,

for 50% inhibition in the reduction of NBT at 560 nm, as 
evaluated based on Giannopolitis and Ries’ method (1977).

Statistical analysis

The obtained data were analyzed by analysis of variance 
(ANOVA) using SAS statistical software version 6, which 
involved three replicates (n = 3) of an RCBD-based (rand-
omized complete block design) factorial experiment. Pear-
son’s correlation coefficient was applied for correlation of 
the studied traits using SPSS version 16 (SPSS Inc., Chi-
cago, United States). Analysis of mean (ANOM) was carried 
out using Duncan’s multiple range test (DMRT) at P < 0.01.

Results and discussion

Growth parameters

Data analyses (ANOVA) revealed the significant (P < 0.01) 
effect of different concentrations of Cr and nanoparticles 
on root and shoot dry weights (Table 1). As shown, signifi-
cant difference was observed between the seedlings grown 
under Cr stress treatment compared to the non-stress condi-
tions. Dry weight of root and shoot organs exhibited 31.68% 
and 44.33% reduction under stress conditions, respectively 
(Table  2). However, application of Fe0 nanoparticles 
improved root and shoot tissues growth of sunflower plants 
grown under Cr stress and non-stress conditions (Table 2). 
Exposure of the plant to a high concentration of Cr resulted 
in serious damages to metabolic activities and decrease in 
growth. High levels of heavy metals may inhibit enzymatic 
activities (Gadd 2007), inactivate photosystems (Sandmann 
and Boger 1980) and disturb the nutritional balance of the 
plant (Janas et al. 2010). Given the high biomass of sun-
flower plant, it could be a proper choice in phytoremedia-
tion for rapid elimination of heavy metals (Forte and Mutiti 
2017).

In the present study, a significant decline was observed in 
growth of root and shoot tissues of sunflower grown under 
Cr stress which was more profound in the case of roots. 
Studies also revealed that Cr affects the division and elonga-
tion of cells which finally led to decline in growth rate (Sing 
et al. 2013). These results are in line with previous reports 
showing that Cr treatment will decrease the growth of the 
plants (Maiti et al. 2012; Amin et al. 2013). Presence of iron 
nanoparticles improved the growth condition of sunflow-
ers under Cr stress which could be due to improvement of 
photosynthesis system, plastid pigments and carbohydrate 
metabolism (Malik et al. 2011, 2012).

Our previous study showed that exposure to Cr may 
increase oxidative damage and therefore trigger morpho-
physiological damages through increasing H2O2 and MDA, 
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while iron nanoparticles remarkably declined H2O2 and 
MDA contents (Mohammadi et al. 2018). Enhanced effi-
ciency of plants in terms of growth, physiology and yield has 
been observed in response to the application of engineered 
nanomaterials under normal and heavy metal stress condi-
tions. According to Singh and Lee (2016) TiO2 nanoparticles 
confined Cd toxicity and enhanced growth, relative water 
and chlorophyll contents and photosynthetic rate in heavy 
metal-exposed soybean. Similarly, improved growth, nutri-
ent assimilation, photosynthesis and activities of antioxidant 
enzymes have been observed in response to the application 
of Si nanoparticles to wheat plants against Cr(VI) stress 
(Tripathi et al. 2015).

Cr translocation and bioaccumulation

Cr content in root and shoot tissues of sunflower increased 
with increasing Cr concentration from 0 to 150  ppm 
(Table  2). The highest Cr content was observed in the 
shoot (0.799 mg g−1 DW) and root (0.381 mg g−1 DW), 
respectively.

Bioaccumulation and translocation factors have been 
proven as the appropriate tools to evaluate plants’ ability 
in absorbing heavy metals (Brooks 1998). Bioaccumulation 
results showed that sunflower may accumulate higher con-
centrations of Cr in its shoot organs compared to the roots. 
Cr translocation from the soil to shoot organs resulted in 
BAF > 1 in low soil Cr concentrations with an average of 
1.42 (from soil to root) and 2.94 (from soil to shoot). Further 
increase of Cr in soil to 150 ppm led to BAF enhancement 
(Table 3). As BAF > 1, therefore, sunflower has high poten-
tial in accumulating heavy metal (Zu et al. 2005). Hence, it 
can be used to clean Cr-contaminated soils.

Cr translocation to plant tissues (TF) showed that sun-
flower is able to transport Cr into its tissues which increased 
by enhancement of Cr concentration. As both BAF and TF 
values are more than one, sunflower revealed high capacity 
for phytoextraction process when the soil was spiked with 
hexavalent Cr.

Although phytoremediation is a promising approach to 
clean the soils contaminated with heavy metals, it also suf-
fers from several limitations including contamination of the 
nutritional system. Application of zerovalent iron nanopar-
ticles (Fe0), in particular at a concentration of 2%, signifi-
cantly (P < 0.01) decreased BAF and TF values (Table 3), 
which could be attributed to immobilization of Cr by nano-
particles and/or improvement of sunflower defense system 
due to application of iron nanoparticles.

Nanoparticles are very effective in remediation of dif-
ferent metal ions from aqueous as well as soil ecosystems 
and among the different nanomaterials tested for the reme-
diation purpose, Fe0 has been successfully utilized to trim 
down the concentrations of arsenic (As-III) and chromium Ta
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(Cr-VI) (Bhowmick et al. 2014; Wang et al. 2014; Poguber-
ovic et al. 2016). Application of Fe0 as a reducing agent is 
an extensively utilized tool for the environmental remedia-
tion purpose during the recent years (Shi et al. 2011; Qu 
et al. 2013). High surface energy together with the reaction 
activity of these Fe0 allows their utilization for the swift 
decontamination of a number of pollutants including the 
deadly heavy metals (Sun et al. 2006). Furthermore, Fe0 
reduces heavy metal bioavailability in the soil and improves 
the biomass of plants (Nasiri et al. 2013; Tafazoli et al. 
2017). The explicit elimination mechanisms involved in the 
remediation of the heavy metals by the application of Fe0 
is primarily determined by the standard redox potential of 
the metal contaminant. Metals with similar or more nega-
tive standard redox potential (e.g., Cd and Zn) to Fe can 
be removed following adsorption with Fe0, while metals 
with positive standard redox potential (e.g., Pb and Ni) are 
removed by both adsorption as well as reduction. Similar to 
our result, Watanabe et al. (2009) reported that application 

of Fe0 (0.01%) to a Cd-spiked soil significantly reduces the 
accumulation of Cd in rice leaves and seeds. Adsorption of 
Cd on the nanoparticles’ surface helps in reducing the Cd 
toxicity mainly due to the reduced bioavailability. Moreover, 
support also comes from the studies of Liu et al. (2008) who 
observed that supplementation of soils with Fe nanoparti-
cles immobilizes Cd, thereby reducing its bioavailability to 
plants. Houben and Sonnet (2010) have also reported that 
application of powdered Fe nanoparticles reduce the amount 
of Cd and Zn in the soils by 45–63%, respectively.

Antioxidant defense enzymes

The activities of SOD, CAT, POX, and APX enzymes 
increased in shoot organs of plants grown under 75 ppm of 
Cr treatment. In comparison to control, 6.23, 11.74, 6.05 and 
0.8% increase was observed in the activities of CAT, POX, 
APX and SOD enzymes, respectively. However, the activi-
ties of CAT, POX and SOD enzymes exhibited 8.87, 8.47 

Table 2   Mean comparison of physio-morphological and biochemical traits in sunflower plants treated with different concentrations of chromium 
(Cr) and Fe0

Means followed by the same letter(s) in each column are not significantly different based on Duncan’s multiple range test (n = 3)

Fe0 (%) Chro-
mium 
(ppm)

Shoot Cr 
content (mg 
g−1 DW)

Changes (%) Root Cr con-
tent (mg g−1 
DW)

Changes (%) Shoot dry mat-
ter (g)

Changes (%) Root dry mat-
ter (g)

Changes (%)

0 0 0 g 0 g 3.802 ± 0.04 a 0.369 ± 0.01 c
75 0.547 ± 0.06 b 0.264 ± 0.06 b 3.276 ± 0.02 cd 0.305 ± 0.04 e

150 0.799 ± 0.07 a 0.381 ± 0.06 a 2.117 ± 0.05 f 0.252 ± 0.04 f
1 0 0 g 0 g 3.907 ± 0.07 a 0.403 ± 0.03 b

75 0.235 ± 0.03 b − 57.08 0.172 ± 0.02 d − 34.85 3.421 ± 0.04 bc 4.45 0.375 ± 0.01 c 23.06
150 0.315 ± 0.03 c − 60.56 0.212 ± 0.03 c − 44.36 2.847 ± 0.02 e 34.50 0.346 ± 0.02 d 37.25

2 0 0 g 0 g 3.910 ± 0.04 a 0.438 ± 0.07 a
75 0.104 ± 0.02 f − 80.92 0.084 ± 0.02 f − 68.06 3.539 ± 0.03 b 8.03 0.383 ± 0.03 bc 25.46

150 0.115 ± 0.01 e − 85.64 0.100 ± 0.01 e − 73.67 3.135 ± 0.07 d 48.11 0.326 ± 0.03 d 29.33

Table 3   Mean comparison of physio-morphological and biochemical traits in sunflower plants treated with different concentrations of chromium 
(Cr) and Fe0

Means followed by the same letter(s) in each column are not significantly different based on Duncan’s multiple range test(n = 3)

Fe0 (%) Chromium 
(ppm)

TF Changes (%) BAFs Changes (%) BAFr Changes (%)

0 0 0 f 0 g 0 f
75 2.072 ± 0.08 a 2.945 ± 0.06 b 1.422 ± 0.07 b

150 2.098 ± 0.07 a 3.180 ± 0.05 a 1.516 ± 0.06 a
1 0 0 f 0 g 0 f

75 1.365 ± 0.07 c − 34.11 1.461 ± 0.02 d − 50.37 1.071 ± 0.07 c − 24.69
150 1.487 ± 0.05 b − 29.10 2.245 ± 0.03 c − 29.40 1.510 ± 0.05 a − 0.40

2 0 0 f 0 g 0 f
75 1.241 ± 0.01 d − 40.11 0.889 ± 0.02 f − 69.82 0.717 ± 0.04 e − 49.59

150 1.145 ± 0.02 e − 45.43 1.119 ± 0.09 e − 64.83 0.977 ± 0.06 d − 35.55
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and 40.51% reduction under Cr stress conditions, respec-
tively (Fig. 2). Iron nanoparticles also enhance the activity of 
CAT, POX, APX and SOD enzymes which finally resulted 
in improvement of seedlings’ antioxidant system (Fig. 2), 
which can be subsequently observed in growth of roots and 
shoot organs.

In the present study, activities of CAT, POX, APX and 
SOD increased under the effect of Cr (Table 4) which are 
consistent with previous reports expressing that Cr may 
enhance the activities of antioxidant enzymes (Ali et al. 
2011). Other studies also reported that ROS generated due to 
stress may induce tolerance mechanisms in the plants (Apel 
and Hirt 2004; Baiazidi-Aghdam et al. 2016; Ghorbanpour 
and Hatami 2015; Hatami et al. 2019). It has been revealed 
that some of the antioxidant enzymes can control ROS con-
tents in intracellular levels, but CAT, APX, POX and SOD 
play a major role under such conditions (Noctor and Foyer 
1998; Tian et al. 2018; Ghorbanpour and Hadian 2015). As 
the sunflower seedlings decreased the growth of both shoot 
and root parts under Cr stress treatments, it seems that the 

defense mechanisms failed to detoxify ROS and decline their 
accumulation. Application of Fe0 under Cr stress, however, 
managed to improve the growth through increasing antioxi-
dant enzyme activities and even succeeded to reduce TF and 
BAF contents and hence their accumulation.

When heavy metal concentration in the environment 
exceeds the toxicity threshold of the plants (depending on its 
species), overaccumulation of heavy metals within the cells 
will cause numerous toxic effects including rapid growth 
inhibition, leaf chlorosis and early aging of the leaves due to 
reduced photosynthesis, decline in root elongation and pre-
vention of seeds’ germination (Borowiak et al. 2012; Obrou-
chova et al. 1998). Heavy metals interfere with active sites 
of many enzymes including ATPase, phosphatase and anti-
oxidants enzymes (e.g., SOD, CAT, GR, and APX) which 
will prevent from natural activity of the mentioned enzymes 
(Van Assche and Clijsters1990; Verma and Dubey 2003). 
However, antioxidative enzymes’ function synergistically or 
cooperatively during environmental perturbations helps the 
plants to overcome oxidative stress.

Fig. 2   Variations in antioxidant enzymes (SOD, CAT, POX and APX) activity in sunflower plants treated with different concentrations of chro-
mium (Cr) and Fe0
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Pearson’s correlation analysis among studied traits in 
sunflower plants treated with different concentrations of 
Cr and Fe0 is presented in Table 4. Data show that root 
and shoot dry weights were significantly negatively cor-
related with translocation factor (TF) under all employed 
treatments. Among Fe0 concentrations, the strongest cor-
relation coefficient (r0.01 = − 0.999) was observed between 
shoot Cr content and root bioaccumulation factor (BAFr) 
under application of 1% Fe0, followed by root and shoot 
bioaccumulation factor under 0% Fe0 treatment. There was 

negative and significant correlation between CAT activity 
and TF (r0.01 = − 0.815), BAFr (r0.01 = − 0.875) and BAFr 
(r0.01 = − 0.880) upon exposure to 2% Fe0 (Table 4).

Conclusions

Our results suggest that the Cr(VI) targets root and shoot 
growth, antioxidant enzyme activities, however, application 
of Fe0 nanoparticles ameliorated the Cr(VI)-induced toxic 

Table 4   Pearson’s correlation analysis among studied traits in sunflower plants treated with different concentrations of chromium (Cr) and Fe0

*Correlation is significant at the 0.05 level (two-tailed)
**Correlation is significant at the 0.01 level (two-tailed)

Shoot Cr Root Cr Root DW Shoot DW TF BAFs BAFr POX CAT​ APX SOD

Correlation for 0% concentration of Fe0

 Shoot Cr 1 0.999** − 0.963** − 0.908** 0.954** 0.969** 0.966** − 0.197 − 0.365 0.347 − 0.713*
 Root Cr 1 − 0.962** − 0.906** 0.955** 0.970** 0.968** − 0.197 − 0.363 0.369 − 0.700*
 Root DW 1 0.935** − 0.875** − 0.898** − 0.896** 0.329 0.407 − 0.220 0.773*
 Shoot DW 1 − 0.742* − 0.778* − 0.774* 0.573* 0.681* − 0.219 0.914**
 TF 1 0.998** 0.998** 0.084 − 0.095 0.399 − 0.487
 BAFs 1 0.999** 0.029 − 0.140 0.400 − 0.532
 BAFr 1 0.031 − 0.135 0.422 − 0.518
 POX 1 0.847** 0.176 0.738*
 CAT​ 1 0.028 0.792*
 APX 1 0.094
 SOD 1

Correlation for 1% concentration of Fe0

 Shoot Cr 1 0.997** − 0.888** − 0.933** 0.984** 0.994** 0.999** 0.291 − 0.226 0.728* − 0.513
 Root Cr 1 − 0.875** − 0.908** 0.993** 0.984** 0.994** 0.337 − 0.174 0.681* − 0.461
 Root DW 1 0.878** − 0.821** − 0.905** − 0.899** − 0.202 0.324 − 0.826** 0.665
 Shoot DW 1 − 0.865** − 0.961** −0.945** 0.034 0.487 − 0.871** 0.694*
 TF 1 0.961** 0.976** 0.399 − 0.088 − 0.607 − 0.367
 BAFs 1 0.998** 0.217 − 0.303 − 0.791* − 0.590
 BAFr 1 0.261 − 0.257 − 0.752* − 0.545
 POX 1 0.526 − 0.167 0.360
 CAT​ 1 − 0.534 0.774*
 APX 1 − 0.796*
 SOD 1

Correlation for 2% concentration of Fe0

 Shoot Cr 1 0.997** − 0.890** − 0.868** 0.988** 0.992** 0.982** 0.855** 0.855** 0.455 0.642
 Root Cr 1 − 0.917** − 0.894** 0.974** 0.997** 0.993** 0.871** 0.865** 0.498 0.683*
 Root DW 1 0.954** − 0.813** − 0.929** − 0.948** 0.895** 0.851** 0.625 0.843**
 Shoot DW 1 − 0.793* − 0.912** − 0.931** 0.971** 0.836** 0.785* 0.920**
 TF 1 0.964** 0.944** − 0.794* − 0.815** − 0.368 − 0.532
 BAFs 1 0.997** − 0.896** − 0.875** − 0.533 − 0.720*
 BAFr 1 − 0.906** − 0.880** − 0.573 − 0.755*
 POX 1 0.884** 0.774* 0.900**
 CAT​ 1 0.537 0.742*
 APX 1 0.850**
 SOD 1
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effects. The results indicated that sunflower has a high ability 
to accumulate a significant amount of Cr(VI) in its roots and 
shoots. However, the accumulation of Cr in plant shoot was 
more than the root. The value of BAF for Cr was higher than 
one for the treatment of Cr at 150 ppm, indicating its ability 
for metal ion uptake. In addition, the value of the TF of Cr 
decreased by increasing the levels of Cr in soil, however, 
this reduction was more in treatment with Fe0 nanoparti-
cles. Stress amelioration of Cr with exogenous application 
of Fe0 nanoparticles to sunflower seedlings reached maxi-
mum value through enhancement of enzymatic antioxidant 
defense system which was accompanied by changing BAF 
and TF.
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