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Hemin-mediated alleviation of zinc, lead and chromium toxicity 
is associated with elevated photosynthesis, antioxidative capacity; 
suppressed metal uptake and oxidative stress in rice seedlings

Qin Chen1 · Xiaoyan Zhang1 · Yuanyuan Liu1 · Junyu Wei2 · Wenbiao Shen1 · 
Zhenguo Shen1 · Jin Cui1

confer resistance against Zn, Pb, and Cr stress in rice seed-
lings, resulting in improved pigments accumulation, photo-
synthetic attributes and plant growth.
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Abbreviations
APX	� Ascorbat peroxidase
AsA	� Ascorbic acid
Chl	� Chlorophyll
Ci	� Intercellular CO2 content
Cr	� Chromium
DW	� Dry weight
FW	� Fresh weight
GR	� Glutathione reductase
Gs	� Stomatal conductance
GSH	� Glutathione
H2O2	� Hydrogen peroxide
HO1	� Heme oxygenase 1
O2
•−	� Superoxide radical

Pb	� Lead
Pn	� Net photosynthetic rate
ROS	� Reactive oxygen species
SOD	� Superoxide dismutase
Tr	� Transpiration rate
Zn	� Zinc

Introduction

Heavy metal pollution has become one of the major envi-
ronmental problems (Liu et al. 2014), especially for the 
agriculture section due to highly anthropogenic activities, 

Abstract  In this study, we investigated the possible role 
of hemin in alleviating zinc (Zn), lead (Pb) and chromium 
(Cr) toxicity in rice seedlings grown hydroponically by 
analyzing the morphological and physiological param-
eters. Our results showed that exposure of rice seedlings 
to excess Zn, Pb or Cr could cause severe leaf chloro-
sis, inhibit photosynthetic activity and consequently sup-
press plant growth. The concentration of O2

•− and H2O2 
significantly increased and the activities of antioxidative 
enzymes decreased in roots of rice seedlings under metal 
exposure. The combined treatments (hemin + ZnSO4, 
hemin + Pb(NO3)2 and hemin + K2Cr2O7), on the other 
hand, significantly enhanced the photosynthesis- and plant 
growth-related parameters compared with their correspond-
ing heavy-metal-stress alone. Combined treatments dra-
matically stimulated the activities of superoxide dismutase 
(SOD), ascorbic peroxidase (APX) and glutathione reduc-
tase (GR) as well as the concentrations of ascorbic acid 
(AsA) and glutathione (GSH) as compared with the metal- 
stress alone. The concentrations of reactive oxygen spe-
cies (ROS, e.g. O2

•− and H2O2) were significantly reduced 
in the metal plus hemin treatments. Hemin addition also 
reduced metal accumulation in rice seedlings especially in 
root tissues. These findings suggest that hemin-elevated 
levels of antioxidants, activities of antioxidative enzymes 
and hemin-reduced accumulation of heavy-metal could 
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1 (HO-1) (Li et al. 2015) for it can act as heme which greatly 
enhances HO1 activity by up-regulating its mRNA abun-
dance and protein level. These responses finally assure 
hemin to exert protective effects in an HO1-dependent man-
ner (Xuan et al. 2008; Xie et al. 2011). The powerful cyto-
protective function of hemin against various abiotic stresses 
has been widely reported in plants. For example, hemin is 
associated with ammonium tolerance by regulating anti-
oxidant defense in Oryza sativa (Xie et al. 2015); hemin is 
involved in the amelioration of aluminium- and cadmium-
induced oxidative stress in Medicago sativa (Cui et al. 2012, 
2013); hemin contributes to wheat salinity acclimation by 
regulating ROS homeostasis (Xie et al. 2011) and so on. 
Based on these reports, here we hypothesize that hemin may 
act as an effective and efficient additive that can alleviate 
heavy-metal toxicity in plants. Thus the aim of this study is 
to investigate: (1) whether hemin application can attenuate 
adverse effects of heavy metals on plant growth and devel-
opment; (2) whether this attenuation effect can be applied 
to diverse metals; (3) why and how hemin can attenuate the 
heavy-metal toxicity in plants.

Until now, the major reports on protective effects of 
hemin against heavy-metal stress have been focused on a 
few plant species, such as Arabidopsis (Han et al. 2014), 
M. sativa (Han et al. 2008; Cui et al. 2012; Jin et al. 2013) 
and soybean (Noriega et al. 2012). Furthermore, types of 
heavy-metal were limited to aluminum (Lin et al. 2013; Cui 
et al. 2013) and cadmium (Cui et al. 2012; Han et al. 2014). 
However, studies are still lacking on the beneficial effects 
of hemin on rice seedlings exposed to heavy metal stress. 
Rice (O. sativa L.), as one of the most important cereal 
crops, is widely cultivated across the world and considered 
a staple food in many Asian countries, such as India, China 
and Japan (Sasaki and Burr 2000; Mostofa et al. 2015). 
Therefore, rice was chosen as our experimental material in 
the present study. In order to test whether hemin has a wide 
applicability to mitigate toxicities of diverse heavy metals, 
we selected three metals (i.e. Zn, Pb and Cr) to analyze the 
influences of hemin addition on plant growth, photosyn-
thetic ability and antioxidant activities of rice seedlings 
grown hydroponically with these metals.

Materials and methods

Plant material, growth conditions and treatments

Seeds of rice (O. sativa L.) were surface-sterilized with 1 % 
(v/v) sodium hypochlorite solution for 20 min and soaked 
in distilled water at room temperature for 24 h. They were 
then germinated at 20–25 °C in a plastic disk and covered by 
moisture gauze to maintain water till white buds emerged. 
After germination, they were sown on plastic nets floating on 

including mining (Oliveira et al. 2012), electroplating 
(Singh et al. 2002) and leather tanning (Anwaar et al. 2014) 
plus the lacking of proper management toward wastes from 
these industries (Rafique et al. 2010). Among various kinds 
of heavy metals, zinc (Zn), as the second abundant transition 
metal and essential micro-nutrient (Broadley et al. 2007), 
is required below 5  μg g−1 for plant growth and normal 
metabolism (Ait et al. 2004). However, at a higher level, 
Zn will prevent plant growth and be toxic for important cel-
lular processes in plantlets (Azooz et al. 2011). Lead (Pb) 
and chromium (Cr) are heavy metals that are ubiquitous in 
environments; they are non-essential and highly toxic for 
plants, animals and humans even at a low level (Zia et al. 
2011; Shafaqat et al. 2015). These three types of heavy met-
als have some commons in their negative effects on plants. 
They could delay plant growth (Andrade et al. 2009; Xiong 
et al. 2014; Rodriguez et al. 2012), cause chlorosis in leaves 
(Wang et al. 2009; Shahid et al. 2014a; Ali et al. 2013), and 
damage roots (Lingua et al. 2008; Pourrut et al. 2011; Gill 
et al. 2014).

As is well-known, the excess production of reactive 
oxygen species (ROS) is the most common and initial bio-
chemical process in plants exposed to heavy-metal stress 
(Xu et al. 2011). The outburst of ROS will further break 
down the redox homeostasis in cells and finally result in 
oxidative stress to the whole plantlets (Shahid et al. 2014b; 
Mishra et al. 2006). To scavenge these over-produced 
ROS and avoid oxidative stress, plants have developed an 
effective antioxidative system, which is operating through 
activating activities of various antioxidative enzymes e.g., 
superoxide dismutase (SOD), ascorbate peroxidase (APX), 
glutathione reductase (GR) and promoting accumulations of 
antioxidants (GSH and AsA) at the same time (Mitter et al. 
2002; Dai et al. 2015; Hossain et al. 2012). However, under 
severe stressful conditions, the antioxidative capacity may 
not be sufficient to resist the oxidative damage induced by 
the excessive production of ROS (Gill et al. 2015; Farooq et 
al. 2013). It may cause a wide range of damages to nucleic 
acids, photosynthetic pigments, proteins in plant cells and 
inhibit the activities of antioxidative enzymes, decline the 
accumulations of antioxidants, and finally result in cell death 
(Morina et al. 2010; Lin and Aarts 2012). Except for the oxi-
dative stress, another toxic effect induced by heavy-metal 
is competed with essential elements to bind with sulphy-
dryl groups of proteins, which finally resulted in disruption 
and denaturation of functional proteins (Sharma and Dietz 
2009). So plants also have developed numerous ways to 
maintain cellular metal homeostasis (Clemens 2001), such 
as restricted metal uptake, active efflux, sequestration into 
vacuole and chelated by metal-binding peptide or proteins 
(Hall 2002; Verbruggen et al. 2009).

Hemin (ferroprotoporphyrin IX), a compound derivative 
of heme, is revealed as a potent inducer of heme oxygenase 
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weighed and extracted in 95 % ethanol overnight in the dark, 
and then the concentrations of chlorophyll a (Chl a), chlo-
rophyll b (Chl b) and total carotenoids were determined by 
reading the absorbance at 665, 649 and 470 nm on a spec-
trophotometer (PGENERAL, Beijing, China), respectively.

The net photosynthetic rate (Pn), stomatal conductance 
(Gs), intercellular CO2 concentration (Ci) and transpiration 
rate (Tr) of the second fully expanded leaf were determined 
using a portable photosynthesis system (Li-6400, LICOR, 
Lincoln, NE, USA). Measurements were done in the growth 
chamber between 09:00 and 11:30 am before harvest. Dur-
ing the measurement, the photosynthetically active radiation 
was set at 800 μmol m−2 s−1, the ambient CO2 concentra-
tion was 400  μmol CO2  mol−1 and the temperature was 
29 ± 0.5 °C.

Determination of O2
•− and H2O2 concentration

The concentration of O2
•− was measured by monitoring the 

absorbance at 530 nm during nitrite formation from hydrox-
ylamine hydrochloride in the presence of O2

•− according to 
the procedure of Jiang and Zhang (2001).

The levels of H2O2 were determined following the pro-
cedure of Hossain et al. (2010). Briefly, fresh root samples 
(0.5  g) were firstly extracted with 5  ml 50  mM sodium 
phosphate buffer (pH 7.8) and centrifuged at 12,000 rpm for 
15 min under 4 °C. The yellow color was developed after 
reaction of 3 ml extracted solution with 1 ml 0.1 % TiCl4 (in 
20 % H2SO4) for 10 min at room temperature. The absor-
bance was then measured at 410 nm.

Determination of anti-oxidant enzyme activity

For extraction of antioxidant enzymes, fresh root tissues 
(0.5 g) were homogenized in 4 ml 50 mM phosphate buffer 
(pH 7.8) on the ice, and then the extracted samples were 
centrifuged at 12,000 rpm for 20 min under 4 °C. The super-
natants were collected in 5 ml centrifuge tubes and used for 
further determination of the activities of various antioxidant 
enzymes.

The activity of SOD was measured according to Zhou 
et al. (1997). Each 3 ml reaction mixture contained 50 mM 
phosphate buffer (pH 7.8), 13  mM methionine, 100  μM 
EDTA, 75 μM NBT, 2 μM riboflavin (added last). The mix-
ture reacted with 40 μl crude extract of roots for 20 min at a 
light destiny of 80 mol m−2 s−1. One unit of SOD activity is 
the amount of enzyme required to cause 50 % inhibition of 
the reduction rate of NBT as monitored at 560 nm.

The APX activity in roots was measured following the 
method of Nakano et al. (1980). The reaction solution con-
tained 50 mM phosphate buffer (pH 7.0) with 2 mM EDTA, 
5  mM AsA, 20  mM H2O2 and 0.1  ml crude extract. The 
APX activity was calculated by recording the decrease 

distilled water in 600 ml plastic beakers and kept in the dark 
at 25  ± 2 °C. Each plastic beaker contained about 50 rice 
seedlings. After 2 days, uniformly germinated seeds were 
transplanted to a growth chamber (Ningbo Sai Fu Instru-
ment Co., Ltd., China) with a light density of 100  µmol 
m−2 s−1 and 14 h photoperiod. The day/night temperatures 
were set at 25/22 °C, and the relative humidity was kept as 
80 %. The seedlings were cultured in 1/4-strength Kimura 
B nutrient solution for the 1 week and than transferred into 
a half-strength nutrient solution. The nutrient solution was 
renewed every 2 days and the pH of solution was adjusted 
to 5.5 ± 0.1 by adding 1 M NaOH or HCl. On the 12th day 
after transplanting into the growth chamber, uniform-sized 
seedlings were selected to be exposed to various forms of 
heavy-metal stress (Zn, Pb, and Cr). Based on our prelimi-
nary experiments, the growth of rice seedlings was signifi-
cantly inhibited at 100  μM ZnSO4, 100  μM Pb(NO3)2 or 
80 μM K2Cr2O7, while addition of 1 μM hemin showed opti-
mum alleviative effects on Zn-induced toxic symptoms, and 
inclusion of 5 μM hemin could effectively relieve Pb or Cr 
toxicity. Therefore, 12 different treatments were established 
as follows: control; hemin (1  μM hemin); Zn (100  μM 
Zn SO4); hemin + Zn (1  μM hemin + 100  μM ZnSO4); 
control; hemin (5  μM hemin); Pb (100  μM Pb(NO3)2); 
hemin + Pb (5  μM hemin + 100  μM Pb(NO3)2); control; 
hemin (5  μM hemin); Cr (80  μM K2Cr2O7); hemin + Cr 
(5 μM hemin + 80 μM K2Cr2O7). The roots of rice seedlings 
were harvested at 12  h after treatment to determine vari-
ous biochemical parameters, and the whole seedlings were 
harvested on the 7th day after treatment to measure growth 
parameters and physiological indexes. All experiments were 
arranged in a complete randomized block design with each 
treatment being replicated three times.

Measurement of growth parameters

On the 7th  day after treatment with heavy metal and/or 
hemin, seedlings were harvested and various growth param-
eters including plant height, root length, and fresh weight 
of roots and shoots were measured immediately. For deter-
mination of dried weight, roots were firstly submerged 
in 0.1 μM EDTA solution for 30 min to remove elements 
adhered to the roots surface, and then washed with distilled 
water repeatedly and dried out with absorbent paper. After-
wards all samples were oven-dried for 30 min at 105 °C, and 
then at 85 °C until they reached a constant weight.

Determination of chlorophyll concentration and 
photosynthetic parameters

The chlorophyll concentration was measured according to 
the method of Knudson et al. (1977) with slight modifica-
tions. Briefly, fresh leaf samples (0.1  g) were accurately 
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80 °C for approximately 48 h and ground into power. Each 
sample (0.1  g) was digest in the mixture of concentrated 
HNO3 and water (2 + 8  ml) using microwave decomposi-
tion (Milestone, Ethos T, USA) at 200 °C over 30 min. The 
digest solutions were washed with distilled water in 25 ml 
flasks. Heavy-metal concentration was then determined 
through ICP-MS (Optima 2100DV, PerkinElmer, Waltham, 
MA, USA).

Statistical analysis

All presented values are means of three independent experi-
ments with each treatment being replicated three times. 
The data were subjected to one-way analysis of variance 
(ANOVA) and different letters indicate significant differ-
ences between treatments at p < 0.05, according to Duncan’s 
multiple range test using SPSS 20.0 for Windows Statistical 
Software Package (SPSS. Chicago, IL, USA).

Results

Effect of different metals and/or hemin treatments on 
plant growth

As shown in Table 1 and Fig. 1, stresses caused by Zn2+, 
Pb2+ and Cr6+ exhibited detrimental effects on plant growth 
and biomass accumulations as compared to the controls, 
in which inhibition of root elongation was the most vis-
ible character. Zn2+-, Pb2+- or Cr6+-stress reduced the root 
length by 27, 19 and 21 %, respectively, while no significant 
differences in shoot height were found between the control 
and heavy-metal treatments. Both fresh and dry weights of 
aboveground and underground were markedly decreased by 
heavy-metal-treatment. Nevertheless, the toxic effects of 
heavy metals on both plant growth and biomass accumu-
lation in rice seedlings were strikingly mitigated by hemin 
application (Fig. 1). Higher plant height, root length, fresh 
weight and dry weight of shoot and root were observed in 
combined treatments as compared with sole heavy metal 
exposure.

Effect of different metal and/or hemin treatments 
on chlorophyll concentration and photosynthetic 
parameters

Effect of heavy metals (Zn2+ or Pb2+ or Cr6+) toxicity on 
chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids 
values in roots of rice seedlings with or without supplemen-
tation of hemin is illustrated in Table 2. All these chlorophyll 
concentrations exhibited significantly reduction after expo-
sure to metal-stress for 7  days as compared with control. 

in absorbance at 290  nm within 40  s as a result of AsA 
oxidation.

GR activity was assayed by the method of Wheeler et al. 
(1990) with minor modifications. Briefly, 2 ml assay mix-
ture contained 40 mM Hepes buffer (pH 7.8), 10 mM GSSG, 
2.4 mM NAPDH and 0.1 ml crude extract. The GR activity 
was calculated by measuring the decline in absorbance at 
340 nm for GSSG-dependent oxidation of NAPDH.

Total protein concentration in the extracts was measured 
by the method of Coomassie blue staining described by 
Bradford (1976). Briefly, 2.9  ml Coomassie brilliant blue 
G-250 solution was mixed with 0.1  ml crude extract for 
2 min. The concentration of total soluble protein was calcu-
lated by recording the absorbance at 595 nm.

Determination of non-enzymatic antioxidants

Reduced ascorbic acid (AsA) was determined by the method 
of Zhang et al. (1996) with some modifications. Briefly, 
fresh root samples (0.5 g) of each treatment were homog-
enized in 5 ml trichloroacetic acid (TCA) and then centri-
fuged at 12,000  rpm for 20  min under 4 °C. Then 0.3  ml 
supernatant was mixed with 0.75  ml 150 mM phosphate 
buffer (pH 7.4) containing 5 mM EDTA, and 0.6 ml 10 % 
(v/v) TCA, 0.6  ml 44 % (v/v) o-phosphoric acid, 0.6  ml 
0.5 % (w/v) red phenanthroline (BP) in absolute ethanol, 
and 0.15  ml 0.3 % (w/v) FeCl3 were added in order. The 
reaction mixtures were then incubated at 40 °C for 40 min, 
and their absorbances at 525  nm were finally detected. A 
standard curve with ascorbate was used.

Reduced glutathion (GSH) was estimated following the 
method described by Moron et al. (1979). Briefly, fresh 
root samples (0.5 g) were homogenated in 5 ml 5 % (v/v) 
TCA and immediately centrifuged at 12,000 rpm for 20 min 
under 4 °C. Then 0.1 ml supernatant was mixed with 0.9 ml 
150 mM phosphate buffer (pH 7.8), and 2 ml 1 mM DNTB 
was added and mixed thoroughly to react. The reaction was 
terminated after 10 min. Finally the absorbance at 412 nm 
was recorded.

Determination of heavy-metal concentration

On the 7th  day after treatment with heavy metal and/or 
hemin, seedlings were harvested to measure the heavy metal 
concentrations in rice seedlings according to the reported 
methods (Kováčik et al. 2014) with certain modification. 
The intact plants were washed with distilled water and then 
submerged in 0.1 μM Na2EDTA for 30 min to remove ele-
ments adhere to the roots surface. After that, plants were 
washed repeatedly with distilled water and finally dried 
out with absorbent paper. The parts of plants shoots and 
roots were separated, and all of them were oven-dried at 
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Effect of different metals and/or hemin treatments 
on antioxidant enzyme activity and antioxidant 
concentrations

Modification in antioxidant enzymes (SOD, APX and GR) 
of rice roots under various treatments of heavy metal and 
hemin as alone or in combination is described in Fig.  3. 
Control group showed the higher values of antioxidant 
enzymes, and under sole heavy-metal stress or combina-
tive treatment, all three tested antioxidant enzymes showed 
similar variation trend, i.e., both three kinds of toxic met-
als (Zn2+ or Pb2+ or Cr6+) possessed strikingly inhibition 
effects on these enzymes; while exogenous hemin applica-
tion significantly recovered activities of all these three anti-
oxidant enzymes.

As shown in Fig.  4a and b, heavy metal stress stimu-
lated the accumulation of reduced AsA and GSH in rice 
roots compared with controls, i.e., under Zn2+ or Pb2+ or 
Cr6+ stress, the concentrations of AsA were, respectively, 
increased by 34, 13 and 16 %, and the concentrations of GSH 
were elevated about 1.17, 0.85, 0.52 times orderly. While 
hemin application further increased the levels of reduced 
AsA and GSH, where hemin + ZnSO4, hemin + Pb(NO3)2, 
hemin + K2Cr2O7 elevated the concentrations of AsA by 
9.8 , 20.8  and 17.6 %, respectively; and these combinative 
groups orderly enhanced the concentrations of GSH by 22 , 
21 and 25 %, respectively, as compared with corresponding 
sole heavy-metal group.

However, hemin application remarked recovered all these 
chlorophyll concentrations when compared with their cor-
responding metal-treated seedlings.

Toxic Zn2+ or Pb2+ or Cr6+ contained in the growth 
media significantly inhibited the photosynthetic parameters 
viz. Pn, Gs, Ci and Tr of rice seedlings (Table 2). However, 
co-treatment of hemin with excess Zn2+ or Pb2+ or Cr6+ 
could effectively alleviate their adverse effects; the recov-
eries of hemin mainly expressed on elevating Pn by 35, 58 
and 21 %, respectively, as compared with their correspond-
ing heavy-metal-stress control.

Effect of different metals and/or hemin treatments on 
ROS accumulation

After 12  h exposure, levels of O2
•− and H2O2 in roots of 

rice seedlings were significantly elevated by heavy metals 
(Zn2+ or Pb2+ or Cr6+). As compared with the controls, O2

•− 
concentrations were respectively increased by 23, 31, 105 % 
(Fig. 2a), and the concentration of H2O2 were respectively 
enhanced by 48, 63 and 53 % (Fig. 2b). While hemin appli-
cation, could remarkably inhibited heavy-metal-induced 
oxidative damage to rice seedlings by lowering O2

•− and 
H2O2 levels. As shown in Fig. 2a and b, compared with cor-
responding heavy-metal stress, O2

•− and H2O2 concentra-
tions were decreased by 30  and 31 % in the Zn plus hemin 
treatment, and by 22  and 16 % in the Pb plus hemin treat-
ment, and by 23  and 25 % in the Cr plus hemin treatment.

Table 1  Plant height, root length, fresh weight (FW) and dry weight of shoot and root of rice seedlings grown hydroponically with heavy metals 
(Zn or Pb or Cr) and/or hemin

Treatments Shoot Root

Height (cm) Fresh weight
(g/ten plants)

Dry weight
(g/ten plants)

Length (cm) Fresh weight
(g/ten plants)

Dry weight
(g/ten plants)

Zn (μM)
Control 16.4 ± 0.3b 0.97 ± 0.05a 0.21 ± 0.01a 12.8 ± 0.3a 0.57 ± 0.01a 0.09 ± 0.01a
Hemin 1 17.3 ± 0.4a 0.89 ± 0.04b 0.19 ± 0.01b 11.5 ± 0.2b 0.55 ± 0.07a 0.08 ± 0.01ab
Zn 100 14.4 ± 0.3d 0.83 ± 0.03b 0.18 ± 0.01b 9.3 ± 0.3c 0.45 ± 0.01b 0.07 ± 0.01b
Hemin 1 + Zn 100 14.8 ± 0.3c 0.91 ± 0.04ab 0.19 ± 0.01b 11.3 ± 0.4b 0.53 ± 0.06ab 0.09 ± 0.01a

Pb (μM)
Control 16.4 ± 0.3b 0.97 ± 0.05a 0.21 ± 0.01a 12.8 ± 0.3a 0.57 ± 0.01a 0.09 ± 0.01a
Hemin 5 17.3 ± 0.3a 0.94 ± 0.06a 0.20 ± 0.01a 12.3 ± 0.7ab 0.57 ± 0.03a 0.08 ± 0.01ab
Pb 100 15.0 ± 0.5c 0.76 ± 0.01c 0.15 ± 0.01c 10.4 ± 0.8c 0.43 ± 0.04b 0.07 ± 0.01b
Hemin 5 + Pb 100 14.5 ± 0.3d 0.84 ± 0.03b 0.17 ± 0.01b 11.9 ± 0.4b 0.52 ± 0.03a 0.08 ± 0.01ab

Cr (μM)
Control 16.4 ± 0.3b 0.97 ± 0.05a 0.21 ± 0.01a 12.8 ± 0.3a 0.57 ± 0.01a 0.09 ± 0.01a
Hemin 5 17.3 ± 0.3a 0.94 ± 0.06a 0.20 ± 0.01a 12.3 ± 0.7b 0.57 ± 0.03a 0.08 ± 0.01ab
Cr 80 12.6 ± 0.3d 0.56 ± 0.03c 0.13 ± 0.01c 10.0 ± 0.5d 0.44 ± 0.02b 0.07 ± 0.01b
Hemin 5 + Cr 80 13 ± 0.4c 0.72 ± 0.03b 0.17 ± 0.02b 11.7 ± 0.5c 0.54 ± 0.05a 0.09 ± 0.01a

Seedlings were exposed to heavy metals and/or hemin for 7 days. Values are mean ± SD (n = 3). Different letters in the same column indicate 
significant difference at P ≤ 0.05
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adverse effects have been widely found in many plant spe-
cies (Liu et al. 2014; Laura et al. 2014; Ali et al. 2015). 
As reported in the previous studies, we revealed that metal 
toxicity symptoms primarily expressed on leaf chlorosis 
(Fig. 1), growth retardation and biomass reduction (Table 1; 
Fig.  1). And these symptoms might be a result of metal-
induced alterations of basic metabolic processes, such as 
diminished photosynthesis and imbalanced ROS (Hamid 
et al. 2010; Yadav 2010). The results of this study indeed 
showed that excess Zn2+ or Pb2+ or Cr6+ markedly retained 
photosynthetic abilities (Table  2) viz., Pn, Gs,Ci and Tr. 
Similar results have also been achieved (Gajewska et al. 
2006; Hamid et al. 2010). And the suppression of photosyn-
thesis induced by heavy-metal-toxicity has been ascribed 
to the degradation of chlorophyll (Patsikka et al. 2002). 
In consistent with previous studies, the current study also 
found that heavy metals resulted in a striking decrease in 
chlorophyll concentration (Table 2). As for the possible rea-
sons of the sharply reduced chlorophyll content, especially 
the concentration of Chl b, may include but not limited to, 
the inhibited biosynthesis but speeded up decomposition of 
these photosynthetic pigments (Drazkiewice 1994; Rao et 
al. 2007).

In addition to the inhibited photosynthesis ability, 
redox imbalance is another toxic impact from heavy met-
als on plant (Habiba et al. 2015). Considering that roots 
were directly exposed to toxic growth media, and oxida-
tive damage, antioxidant mobilization were rapid-response 
progresses (Yang et al. 2010), oxidative and antioxidative 
parameters were primarily determined in roots of rice seed-
lings after 12 h treatment in the current study. In accordance 
with the previous observations (MacFarlane et al. 2003), 
higher concentrations of O2

•− and H2O2 were exhibited 
under heavy-metal (Zn2+ or Pb2+ or Cr6+) toxicity (Fig. 2). 

Fig. 1  Effects of hemin, heavy-metal (Zn/Pb/Cr) and their combina-
tions on the growth of rice seedlings grown hydroponically. 12 days-
old seedlings were treated with nutrient solution only (Con), 1 μM or 
5 μM hemin (H 1 or H 5), 100 μM ZnSO4 (Zn), 100 μM PbNO3 (Pb) 

or 80 μM K2Cr2O7 (Cr), respectively, or in the combinative treatments, 
1 μM hemin + 100 μM ZnSO4 (Zn + H1), 5 μM hemin + 100 μM PbNO3  
(Pb + H5), 5 μM hemin + 80 μM K2Cr2O7 (Cr + H5) for 7 days. Photo-
graphs were then taken

 

Effect of different metals and/or hemin treatments on 
metal uptake and accumulation

Excess heavy-metal (Zn100 or Pb100 or Cr80) exposure sub-
stantially elevated their endogenous contents both in shoots 
and roots, and rice roots accumulated more metals than 
shoots (Fig.  5a, b). Specifically, under Zn100 treatment, 
zinc concentrations in shoots and roots reached as high 
as 1,352 and 3,283  μg g−1 DW respectively; under Pb100 
treatment, lead concentrations in shoots and roots achieved 
as high as 256 and 5245 μg g−1 DW; and under Cr80 treat-
ment, Chromium concentrations in shoots and roots were 
163 and 1556 μg g−1 DW, respectively. However, addition 
of hemin significantly inhibited the uptake of heavy-metals 
by roots as compared to sole heavy-metal stress, where 18 , 
26 and 13 % reduction were observed in hemin + ZnSO4, 
hemin + Pb(NO3)2 and hemin + K2Cr2O7 treatments, respec-
tively. While for the metal bioaccumulation in shoots, 
except for hemin + ZnSO4 treatment, which induced 21 % 
reduction in Zn accumulation compared with the Zn treat-
ment alone, the other two combinative treatments exerted 
none inhibiting effect.

Discussion

Three kinds of heavy metals, i.e., Zn2+, Pb2+ and Cr6+ were 
selected in the present study to verify heavy-metal toxic 
effects on morphological, physiological and biochemical 
properties of rice seedlings and role of hemin in alleviat-
ing metal-induced damages. Excess heavy-metal exposure 
significantly elevated the metal concentrations in tissues 
(shoots and roots) to toxic level (Fig. 5a, b), which further 
negatively influenced plant growth and development. These 
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Fig. 3  Effects of hemin, heavy-metal (Zn/Pb/Cr) and their combina-
tions on the activity of SOD (a), APX (b) and GR (c) in roots of rice 
seedlings grown hydroponically. 12-days-old seedlings were treated 
with nutrient solution only (control), 1 μM or 5 μM hemin (hemin 1 or 
hemin 5), 100 μM ZnSO4 (Zn 100), 100 μM PbNO3 (Pb 100) or 80 μM 
K2Cr2O7 (Cr 80), respectively, or in the combinative treatments, 1 μM 
hemin + 100 μM ZnSO4 (hemin 1 + Zn 100), 5 μM hemin + 100 μM 
PbNO3 (hemin 5 + Pb 100), 5  μM hemin + 80  μM K2Cr2O7 (hemin 
5 + Cr 80) for 12 h. Data represented as mean ± SD. Different letters 
on vertical bars indicate differences at P ≤ 0.05

 

Fig. 2  Effects of hemin, heavy-metal (Zn/Pb/Cr) and their combina-
tions on the accumulation of O2

•− (a) and H2O2 (b) in roots of rice 
seedlings grown hydroponically. 12-days-old seedlings were treated 
with nutrient solution only (control), 1 μM or 5 μM hemin (hemin 1 or 
hemin 5), 100 μM ZnSO4 (Zn 100), 100 μM PbNO3 (Pb 100) or 80 μM 
K2Cr2O7 (Cr 80), respectively, or in the combinative treatments, 1 μM 
hemin + 100 μM ZnSO4 (hemin 1 + Zn 100), 5 μM hemin + 100 μM 
PbNO3 (hemin 5 + Pb 100), 5  μM hemin + 80  μM K2Cr2O7 (hemin 
5 + Cr 80) for 12 h. Data represented as mean ± SD. Different letters 
on vertical bars indicate differences at P ≤ 0.05
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the conversion of superoxide union to H2O2, APX and GR 
belong to the ascorbate–glutathione cycle and also play 
vital roles in eliminating H2O2 (Apel and Hirt 2004; Hos-
sain et al. 2012). Results in this study showed that excess 
Zn100 or Pb100 or Cr80 remarkably restricted activities of all 

As is well known, to cope with these hyper generated ROS, 
plants already evolved a complex antioxidative system 
including enzymatic and non-enzymatic antioxidants (Gill 
and Tuteja 2010; Yadav 2010). Among them, SOD catalyzes 

Fig. 4  Effects of hemin, heavy-metal (Zn/Pb/Cr) and their combina-
tions on the concentration of AsA (a) and GSH (b) in roots of rice 
seedlings grown hydroponically. 12  days-old seedlings were treated 
with nutrient solution only (control), 1 μM or 5 μM hemin (hemin 1 or 
hemin 5), 100 μM ZnSO4 (Zn 100), 100 μM PbNO3 (Pb 100) or 80 μM 
K2Cr2O7 (Cr 80), respectively, or in the combinative treatments, 1 μM 
hemin + 100 μM ZnSO4 (hemin 1 + Zn 100), 5 μM hemin + 100 μM 
PbNO3 (hemin 5 + Pb 100), 5  μM hemin + 80  μM K2Cr2O7 (hemin 
5 + Cr 80) for 12 h. Data represented as mean ± SD. Different letters 
on vertical bars indicate differences at P ≤ 0.05

 

Fig. 5  Metal (Zn, Pb or Cr) concentration in shoots (a) or roots (b) 
of rice seedlings grown hydroponically. 12  days-old seedlings were 
treated with nutrient solution only (control), 1  μM or 5  μM hemin 
(hemin 1 or hemin 5), 100 μM ZnSO4 (Zn 100), 100 μM PbNO3 (Pb 
100) or 80 μM K2Cr2O7 (Cr 80), respectively, or in the combinative 
treatments, 1 μM hemin + 100 μM ZnSO4 (hemin 1 + Zn 100), 5 μM 
hemin + 100  μM PbNO3 (hemin 5 + Pb 100), 5  μM hemin + 80  μM 
K2Cr2O7 (hemin 5 + Cr 80) for 12 h. Data represented as mean ± SD. 
Different letters on vertical bars indicate differences at P ≤ 0.05

 

1 3

Plant Growth Regul (2017) 81:253–264 261



respective transporters or due to the composition variation 
of cell walls, although this need to be further investigated.

In conclusion, hemin is an effective and beneficial addi-
tive which could significantly reduce heavy-metal-induced 
toxicity in rice seedlings. The retardation functions seem to 
be achieved by the following approaches: (1) up-regulat-
ing activities of SOD, APX and GR in roots; (2) promot-
ing accumulation of antioxidants (AsA, GSH) in roots; (3) 
down-regulating productions of ROS (O2

•− and H2O2) in 
roots; (4) inhibiting metal accumulation in plants especially 
in root tissues; (5) finally resulting in longer root length 
and heavier biomass of underground; (6) counteracting the 
decrease of chlorophyll concentration, thus maintaining the 
net photosynthetic rate, and preserving the accumulation of 
biomass in shoots. Taken together, hemin can exhibit similar 
mitigative impacts on Zn, Pb and Cr stress.
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