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Optimizing copper
phytoremediation and mung
bean (Vigna radiata L.) yield
through Sinorhizobium meliloti
and Piriformospora indica
inoculation

Zahra Amiriyan Chelan, Rouhollah Amini*‘ & Adel Dabbagh Mohammadi Nasab

Heavy metal contamination in agricultural soil poses significant threats to ecosystem sustainability
and human health. An outdoor box experiment was conducted as factorial abased on randomized
complete block design, with three replications, during 2017 cropping season to evaluate the effects
of biofertilizers on Vigna radiata L. growth and yield under different Cu concentrations. The first
factor was fertilizer treatment including plant growth-promoting bacterium Sinorhizobium meliloti
(PGP), arbuscular mycorrhizal-like fungus Piriformospora indica (AM), and chemical fertilizer (CF)
and the second factor was Cu concentrations consisted of 0, 50, 100, and 200 mg ,/kg ;. The
greatest plant height (30.20 and 30.17 cm) and leaf area index (LAI) (1.64 and 1.55) were observed
at 0 and 50 mg ¢, /kg ., particularly in CF and AM treatments. The highest Cu concentrations were
found in the shoots (74.42 mg/kg) and grains (75.92 mg/kg) when using CF at 200 mg ¢, /kg ;. The
highest Cu concentration in the roots was obtained in PGP biofertilizer treatment (160.7 mg ,/kg
root)- IN all Cu concentrations, the shoot bioconcentration factors (BCF) in CF and control treatments
were higher than those in PGP and AM treatments. The root BCF improved with the use of PGP

and AM treatments, compared to the control. Except the CF, the translocation factor (TF) in other
treatments were <1 and the highest TF was obtained in 200 mg ¢ /kg .; (0.842) and CF (1.050)
treatment. Based on the results, we concluded that high Cu concentrations reduced the mung bean
yield and productivity. However, applying AM in Cu-contaminated soil showed significant potential
forimproving mung bean yield, reducing Cu availability, and minimizing plant uptake. Generally,
compared with chemical fertilizer (CF), P. indica and S. meliloti inoculation effectively increased Cu
accumulation in the roots of mung bean grown in Cu-contaminated soil.

Mung bean (Vigna radiata L.) is belonging to the Fabaceae family and plays an important role in providing pro-
tein for human due to the richness of protein and essential amino acids'. The short growth period, tasty forage
production with high digestibility, and the ability to silage are the important points of mung bean for selecting
at different rotations® Not only it is drought-resistant crop, but also it can fix nitrogen symbiotically and could
be used in rotation with cereals and summer crops.

Today, the introduction of heavy metals into agricultural soils is one of the world’s most important environ-
mental concerns. Due to their high toxicity and durability, heavy metal-contaminated soil has grown with the
fast development of industry and urbanization®. Soil pollution with heavy metals is different from water or air
pollution, because heavy metals in soil are more stable than in other parts of the biosphere °. Heavy metal ions
could be absorbed by the roots, transferred to the shoot and disrupting plant metabolism and reduce growth®. The
consumption of agricultural products grown in contaminated soils can lead to the accumulation of heavy metals
along the food chain, enhancing the potential risks to human health’. Copper (Cu) is an essential micronutrient
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that plays a crucial role in plant growth. However, when its concentration exceeds critical limits, it can become
toxic®. While naturally occurring, anthropogenic sources like mining, refinery operations, fossil fuel combustion,
waste incineration, traffic, fertilizers, and soil amendments contribute to elevated Cu levels. A suggested permis-
sible limit for Cu in soil samples is 20 mg/kg®. When Cu concentrations exceed this limit, various adverse effects
can occur, including leaf chlorosis and cytotoxicity'’. The uptake and transport of Cu within plants are signifi-
cantly affected by both the Cu levels and the surrounding growth environment'®. It is essential to maintain low
intracellular Cu concentrations, as excessive amounts can disrupt DNA integrity, photosynthesis, cell membrane
stability, enzyme activity, and respiration, ultimately leading to reduced growth and threatening plant survival®.

Heavy metal-contaminated soils have been modified using physicochemical and biological techniques''.
Heavy metals could be removed by several techniques including oxidation or reduction, ion exchange, membrane
technology, reverse osmosis, filtration and evaporation. These methods eliminate biodiversity and convert the
soil into a useless culture medium and non-fertile for plant growth'2 Also, these processes sometimes are limited
due to technical and economic barriers. Hence, it is necessary to find alternative methods that can clean the soils
which are contaminated with heavy metals at low cost, easy, and safe for the environment"’. Bioremediation is
one of these alternative methods, which is defined as the action of plants and microorganisms in detoxifying,
reducing the concentration of pollutants, degrading, or transforming pollutants into a safe state'*. The modern
bioremediation methods are proposed for environmental protection that use micro-organisms that can act alone
or support the action of hyperaccumulators'.

Today, soil refinement is considered based on the use of plants with the name of phytoremediation; in this
method, pollutants are removed or rendered harmless from contaminated sites by harvesting plants'®. For the
success of phytoremediation, increasing the bioavailability of heavy metals in the soil is essential. Biomediators
are biological agents with the ability to resist heavy metals and stimulate plant growth, which are important for
bioremediation to clean up contaminated sites and increase plant growth'?. Bacteria, archaea, and fungi are typi-
cally prime bioremediators'”. According to Haroun et al.'®, biofertilizers, beyond their effects on nitrogen-fixing
mechanisms and plant growth, have a potential to reduce heavy metal contents in both polluted soil and plant
parts. Piriformospora indica, currently accepted as Serendipita indica, is an arbuscular mycorrhizal-like fungus
and a root endophytic basidiomycete belonging to the order Sebacinales'. The P. indica fungus, establish sym-
biotic relationships with a wide variety of host plants, increase the absorption of food elements by the root, and
also improve the host plant tolerance to many biological and non-biological tensions?. However, there are few
studies about the effect of this endophyte on heavy metals remediation in soil. Sinorhizobium meliloti is a gram-
negative N,-fixing plant growth-promoting (PGP) bacterium that providing nitrogen to the legume plant through
symbiotic relationship; also increase the resistance to stress in host plant*'. Sinorhizobium meliloti increase the
tolerance to copper ions by producing extracellular polymeric compounds®?. Inoculation of Rhizobium is an
eco-friendly and effective strategy for improving the legume growth, phytoremediation, and bio-modification
of areas infected with heavy metals as well as other organic pollutants®.

A few studies have focused on the influence of inoculation with P. indica and S. meliloti on heavy metal biore-
mediation, despite extensive research on their interactions with plants. However, this study focused on different
aspects of this topic: (1) investigating the tolerance of mung bean to copper stress after inoculation of P. indica
and S. meliloti; (2) evaluating the effect of these inoculations on the phytoremediation efficiency of mung bean
in Cu-contaminated soil; (3) determining how both bio- and chemical fertilizers influence copper accumulation
in the shoots, roots, and grains of mung bean; and (4) evaluating the impact of these biofertilizers on the growth
of mung bean under varying concentrations of copper.

Results

Plant height

The plant height was affected significantly (p <0.05) by Cu concentration and fertilizer treatment (Table 1).
With increasing Cu concentration in soil, plant height decreased, so that the lowest plant height (18.33 cm) was
obtained in 200 mg ¢, /kg ), but there was not a significant difference between the control (0 mg ¢,/kg () and
50 mg ¢, /kg . (Table 2). Among the fertilizer treatments, the highest plant height (28.51 cm) was observed
in CF treatment that was not significantly different with AM treatment (Table 2). The lowest plant height was
obtained in PGP treatment (25.97 cm).

Mung bean traits
Source df | Plant height | Leaf area index (LAI) | Grain yield per box
Block 2 n.s n.s n.s
Cu concentration (C) 3 ok i e
Fertilizer treatment (F) 4 el i had
CxF 12 | ns n.s h
Error 38 |- - -
Coefficient of variation (%) 591 10.92 7.83

Table 1. Analysis of variance for effect of Cu concentration and fertilizer treatment on growth traits and grain
yield of mung bean. ns, * and **: non -significant and significant at p<0.05 and P <0.01, respectively.
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Effect Levels Plant height (cm) | Leaf area index (LAI) | TF
0 30.20+0.70 a 1.64+0.045a

Cu concentration (mg c,/kg uy) 50 30.17+0.26 a 1.55+0.044 ab 0.727+0.052 b
100 29.37+0.39b 1.49+0.053 b 0.832+£0.044 a
200 18.33£0.33 ¢ 0.75+£0.035 ¢ 0.842+0.049 a
CF 28.51+1.64a 1.40+0.123 ab 1.050+0.040 a
AM 27.63+1.51 ab 1.50+£0.134a 0.677£0.026 ¢

Fertilizer treatment PGP 2597+1.50 ¢ 1.26£0.086 ¢ 0.602+0.030 d
AM+PGP | 26.63+1.63 bc 1.30+0.103 be 0.738+0.019 ¢
Control 26.30+1.58 be 1.33+0.121 be 0.933+0.039b

Table 2. The mean comparison for effect of Cu concentration and fertilizer treatment on mung bean height,
LAI and TF (translocation factor). AM: Piriformospora indica, CF: chemical fertilizer, PGP: Sinorhizobium
meliloti, AM + PGP: Piriformospora indica + Sinorhizobium meliloti, and control: no fertilizer (Different letters
indicate significant difference at p<0.05).

Leaf area index (LAI)

Leaf area index (LAI) was affected significantly (p <0.01) by Cu concentration and fertilizer treatment (Table 1).
The LAI decreased significantly, with increasing Cu concentration in the soil, so that the highest LAI (1.64) was
observed in control (0 mg ,/kg ;) treatment (Table 2) an the lowest one (0.75) in 200 mg ¢, /kg ;. Among the
fertilizer treatments, the highest LAI (1.50) was obtained in AM treatment that was not significantly different
with CF treatment (1.40) and decreased in other fertilizer treatments (control, PGP and AM + PGP) (Table 2).

Grain yield per box

The mung bean grain yield was affected significantly by Cu concentration, fertilizer treatment, and interaction
of Cu concentration x fertilizer treatment (Table 1). By increasing the Cu concentration, seed yield per plant
decreased. The mean comparison of the interaction effect of Cu concentration x fertilizer treatment (Fig. 1) shows
that at 0 and 50 mg Cu/kg soil, the grain yield in CF and AM treatments were higher than other fertilizer treat-
ments. Under 100 and 200 mg Cu/kg soil, the highest grain yields (2.71 and 1.47 g, respectively) were observed
in PGP treatment that were not significantly different with AM and AM + PGP treatments. Also, at 50 mg ., /kg
«il the AM treatment had a higher grain yield (3.95 g) than other fertilizer treatments (Fig. 1).

Cu concentration in shoot

The Cu concentration in mung bean shoot was affected by Cu concentration, fertilizer treatment and their inter-
action effect (p<0.01) (Table 3). By increasing the Cu concentration in the soil, its accumulation in the shoot
increased and the highest value in shoot was obtained under 200 mg ¢ /kg ;. The results of mean comparison
showed that under 50 and 100 mg Cu/kg ., the Cu concentrations in shoot were not significantly different at
fertilizer treatments. At 200 mg Cu/kg ,;;, the Cu concentrations in shoot in CF treatment (74.4 mg/kg) increased
14.8% compared with control treatment and decreased in PGP and AM + PGP treatments (Fig. 2).
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Fig. 1. Mung bean grain yield per box as influenced by interaction of Cu concentration x fertilizer treatment
(Different letters indicate significant differences at p<0.05).
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Cu concentration at different parts of mung bean, BCF and TF

Concentration of residual Cu concentration in Cu concentration in
Source df | Cuin the soil Cu concentration in root | shoot grain Shoot BCF | Root BCF | TF
Block 2 n.s n.s n.s n.s n.s n.s n.s
Cu concentration (C) 2 o b o > o o >
Fertilizer treatment (F) 4 * bl e o e hd ot
CxF s . . ok ok ok . s
Error 28 | - - - - - - -
CV (%) 11.54 8.30 9.06 8.81 5.15 7.69 9.19

Table 3. Analysis of variance for effect of Cu concentration and fertilizer treatment on Cu concentration at
different parts of mung bean, BCF (Bioconcentration factor) and TF (Translocation factor). ns, * and **: non
-significant and significant at p<0.05 and p<0.01, respectively.
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Fig. 2. Cu concentration in mung bean shoot as influenced by interaction of Cu concentration x fertilizer
treatment (Different letters indicate significant differences at p <0.05).

Cu concentration in root

The Cu concentration in mung bean root was affected significantly (p <0.01) by Cu concentration, fertilizer treat-
ment and interaction effect of Cu concentration x fertilizer treatment (Table 3). By increasing the Cu concentra-
tion in soil, the accumulation of Cu in the roots also increased and the highest values were observed in 200 mg/
kg Cu concentration. At 50 mg ¢,/Kg ., the lowest Cu concentration in root (33.9 mg/kg) was observed in CF
treatment and increased significantly at other fertilizer treatments. Under 100 and 200 mg ¢, /kg ;1> the highest
Cu concentrations in root (67.3 and 160.7 mg/kg, respectively) were obtained in PGP treatments that were not
significantly different with those in AM and AM + PGP treatments (Fig. 3). Under 200 mg/kg Cu level, the Cu
concentration in root increased at all fertilizer treatments compared with control treatment.

Cu concentration in grain

The Cu concentration in mung bean grains was affected significantly by Cu concentration, fertilizer treatment
and interaction effect of Cu concentration x fertilizer treatments (p <0.01) (Table 3). By increasing the Cu con-
centration in soil, its accumulation in the grain also increased. At 50 mg ,/kg ., the Cu concentrations in grain
were not significantly different at different fertilizer treatments. Under 100 and 200 mg ¢,/kg ., the highest
Cu concentrations in grain (39.4 and 75.9 mg/kg, respectively) were obtained in CF treatments and decreased
significantly in biofertilizer treatments (AM + PGP, PGP and AM). At 200 mg/kg Cu, among the biofertilizer
treatments, the lowest Cu concentrations in grain was observed in AM treatment (43.6 mg/kg) (Fig. 4).

The concentration of residual Cu in the soil

The concentration of residual Cu in the soil was affected significantly (p<0.01) by Cu concentration, fertilizer
treatment, and interaction of Cu concentration x fertilizer treatment (Table 3). By increasing the initial concen-
tration of Cu in the soil, more Cu remained in the soil after harvesting the mung bean. The mean comparison
indicated that at 50 mg ¢,/kg 1, the residual Cu concentrations in soil were not significantly different at differ-
ent fertilizer treatments. Under 100 mg ¢/kg ., the highest residual Cu concentration in soil (5.25 mg/kg) was
observed in PGP treatment that was not significantly different with AM + PGP treatment. At 200 mg/kg Cu, the
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Fig. 3. Cu concentration in mung bean root as influenced by interaction of Cu concentration x fertilizer
treatment (Different letters indicate significant differences at p<0.05).
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Fig. 4. Cu concentration in mung bean grain as influenced by interaction of Cu concentration x fertilizer
treatment (Different letters indicate significant differences at p<0.05).

highest residual Cu concentration was observed in AM + PGP treatment (11.77 mg/kg) and the lowest ones were
obtained in CF and AM treatments (8.57 and 8.63 mg/kg, respectively) (Fig. 5).

Shoot BCF

The results showed that the BCF in the shoot of mung bean was significantly influenced by Cu concentration,
fertilizer treatment, and interaction of Cu concentration x fertilizer treatment (Table 3). At 50 and 100 mg ¢, /kg
soii> the shoot BCF values in CF and control treatments increased compared with those in biofertilizer treatments
(AM, PGP and AM + PGP). In 200 mg ¢, /kg ., the highest shoot BCF (0.75) was observed in CF treatment that
increased significantly compared with other fertilizer treatments (Fig. 6). In all Cu concentrations, using the
biofertilizers reduced the shoot BCF values compared to the control and CF treatments (Fig. 6).

Root BCF

The root BCF of mung bean was also affected by Cu concentration, fertilizer treatment, and the interaction of
Cu concentration X fertilizer treatment (p <0.01) (Table 3). At 50 mg ¢, /kg ., the highest root BCF values were
observed in AM and PGP treatments (1.12 and 1.05, respectively) and the lowest one (0.68) in CF treatment.
In 100 mg ¢ /Kkg . there were no significant differences in root BCF values among the all fertilizer treatments.
Under 200 mg ¢,/kg ;> the root BCF values for all fertilizer treatments (CE, AM, PGP and AM + PGP) increased
compared with control treatment and the lowest value (0.61) was obtained in this treatment (Fig. 7).
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Fig. 5. Concentration of residual Cu in the soil as influenced by interaction of Cu concentration x fertilizer
treatment (Different letters indicate significant differences at p<0.05.).

BECF EAM ©=PGP EAM+PGP m Control
0.9

0.8
0.7

a a
ab
od PC bc
de def
0.6 def efg def ch
05 ghi |
0.4
0.3
0.2
0.1
0
50 100 200

Cu concentration (mg/kg)

Shoot BCF

Fig. 6. Mung bean shoot BCF as influenced by interaction of Cu concentration x fertilizer treatment (Different
letters indicate significant differences at p<0.05).

TF index

The effects of Cu concentration and fertilizer treatment were significant (p <0.01) on translocation factor (TF)
(Table 3). TF index increased with increasing Cu concentration in soil, but this increase was insignificant from
50 to 100 mg ¢, /kg . (Table 2) and the TF indices between 100 and 200 mg ¢ /kg ,,; were not significantly dif-
ferent. Among the fertilizer treatments, the highest TF (1.050) was obtained in CF treatment and after CF, the
control treatment had higher TF (0.933) than other treatments, but its value was less than one. TF values were
significantly reduced by application of biofertilizer treatments (AM, PGP and AM + PGP) and the lowest TF
(0.602) was observed in PGP fertilizer treatment (Table 2).

Discussion

As the concentration of Cu in the soil increased, the mung bean height, LAI and grain yield decreased. Afzal
et al.* reported a similar reduction in plant height with increasing the Cu concentration in the soil. Addition-
ally, Begum et al.”® found that the leaf area of mung bean also decreased with increasing Cu concentration. This
inhibitory effect of Cu on plant height and LAI may be attributed to reduced cell division and the harmful impact
of Cu on respiration, photosynthesis and protein synthesis?>*. Conversely, CF treatment enhanced plant height,
since nitrogen plays a crucial role in plant nutrition, growth, and yield. The observed decrease in plant height
at high Cu concentrations could be due to the toxicity associated with elevated Cu levels”. Numerous studies
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Fig. 7. Mung bean root BCF as influenced by interaction of Cu concentration x fertilizer treatment (Different
letters indicate significant difference at p<0.05).

demonstrated the toxic effect of higher Cu concentrations on the growth parameters and yield of crops?®?. Adrees
et al.*® reported that Cu toxicity reduced the nutrients availability, biosynthesis of chlorophyll and crop yield. Cop-
per stress can lead to reduced nutrient uptake and accumulation due to several factors *°: competition between
copper and essential nutrients for transporters, changes in the expression of genes related to nutrient uptake at
both transcriptional and post-transcriptional levels, and alterations in plasma membrane permeability. Copper
has a notably strong antagonistic relationship with iron compared to other nutrients, and increased levels of
copper can lead to a reduction in iron concentrations in plants®. Since iron is crucial for cytochrome complexes,
ferredoxin, and intermediates in the thylakoid electron transport chain, the copper-induced limitation of iron
significantly hampers chlorophyll biosynthesis and overall photosynthetic performance®.

In 100 and 200 mg ¢, /kg .., the PGP and AM + PGP treatments produced the highest grain yields. This indi-
cates that these treatments are particularly effective in enhancing mung bean yield at high Cu concentrations.
Soil microorganisms increase soil quality through different mechanisms and facilitate plant growth in polluted
environments®!. These microorganisms can decrease heavy metal toxicity through reduction in concentration of
metals, and convert toxic heavy metals into non-hazardous forms'’, alteration of soil pH, and oxidation/reduction
reactions®. Also, heavy metals bioavailability could be decreased by soil microorganisms through synthesis of
phytohormones, acidification, precipitation and chelation®. It has been reported that organic acids, such as citrate
and malate, secreted by plant roots, reduce metal absorption through chelation and complexation®. Additionally,
microorganisms produce chelating agents like siderophores and organic acids that bind to heavy metals, forming
stable complexes that help to reduce the mobility and bioavailability of the metals®.

The highest Cu concentrations in the shoot were observed in 200 mg ¢,/kg ,; and CF treatment. Also, the Cu
concentrations in the mung bean shoot were lower than those in root (Fig, 2 and 3). Under high level of Cu in the
soil, the accumulation of Cu in the shoot is lower than root, which is probably due to limitation in the transfer-
ring potential of plant vessels for this element®. Similar to our results, previous studies have indicated a trend of
increasing heavy metal concentrations in plant shoots corresponding to higher rates of heavy metal pollution in
the s0il***”. Metal transportation and accumulation in shoot and root are influenced by several factors, including
metal supply, growth stage and conditions, plant species, soil characteristics, and the type of heavy metal *. On
the other hand, the uptake of heavy metals by plant roots is affected by factors such as concentration of metal
ions in the soil solution, the specific plant species, and the availability of other nutrients. This process is also
regulated by soil pH and carbonate content®. Decreases in shoot and root growth, necrosis and chlorosis, are
the observed symptoms of Cu stress due to harmful interactions at the cellular level and production of reactive
oxygen species®. In this experiment, symptoms of Cu toxicity were observed as red dots on the leaves of plants
grown in soil containing 200 mg ¢,/kg ;-

At 50 and 200 mg ¢, /Kkg .., the Cu concentrations in roots for PGP and AM + PGP treatments were signifi-
cantly higher than CF treatment (Fig. 3). Biofertilizers enhance the availability of heavy metals through solubiliza-
tion, chelation, and oxidation processes*’. Consequently, using biofertilizers for remediation presents a promising
approach to address heavy metal contamination. Wang et al.* reported that inoculation of microorganism can
improve the mineral nutrition of plants under heavy metal pollution, and directly affects the accumulation and
absorption of heavy metals in plants. The mung bean tolerance to copper concentration could be increased by
inoculation of AM and PGP, which lead to an increase in the production of antioxidants, plant hormones and
osmotic regulatory substances. Plants experiencing copper toxicity produce increased levels of reactive oxygen
species (ROS)®. However, inoculation with arbuscular mycorrhizal fungi (AM) and plant growth-promoting
bacteria (PGP) significantly enhances the production of important antioxidant enzymes, such as superoxide
dismutase, catalase, and peroxidases®. These enzymes actively scavenge ROS, transforming them into less harm-
ful molecules.
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Similar to the root and shoot, the highest Cu concentrations in grain of mung bean were observed in 200 mg
cu/Kg o1 (Fig. 4). Plant roots can absorb heavy metal ions present in the soil through various mechanisms, includ-
ing chelation, active transport and ion exchange through ion channels*. Generally, surface area of roots for
heavy metal absorption could be increased by root hairs. These ions accumulate in root cells and after crossing
the endodermis, they are transferred to the shoot by the symplastic pathway through the xylem and phloem*'.
However, the movement of heavy metal ions from the root to the shoot is limited, as the endoderm serves as a
partial barrier that restricts their entry into the xylem, thereby regulating their transport to the shoots*2.

At 200 mg ¢, /Kg o level, higher Cu amounts remained in the soil after harvesting the mung bean. Mani et al
%6 also reported that an increase in the applied lead (Pb) had a corresponding increase in the residual content
in the soil after the plant harvest. It was also found that the highest residual copper concentration in the soil
was observed in AM + PGP treatment (Fig. 5). It has been reported that the bacteria found in biofertilizers can
immobilize heavy metals, effectively decrease their availability for plant uptake through binding them to their
cellular components'®. Furthermore, heavy metals degrade in the soil slowly which can lead to their accumula-
tion in soil?’.

BCF indicates the concentration of pollutants in plants compared to their concentrations in environment*.
The BCF higher than 1 indicates that the plant is effective for phytoextraction, while the BCF less than 1 sug-
gests that the plant is suitable for phytostabilization and functions as an excluder®. In the present study, at all
Cu concentrations and fertilizer treatments, the shoot BCF of mung bean did not exceed one. When compar-
ing the shoot BCF with root BCF values (Fig. 6 and 7), we found that the root BCF for all treatments at all Cu
concentrations were higher than those of the shoot, except for the CF treatment. This result indicates restricted
mobility of Cu within the plants that is in agreement with findings reported by Eben et al.*%, as they stated that
this situation is the strategy of excluders for tolerating high concentrations of heavy metals. In this way, more
values of metals accumulate in the roots, but restrict their transport to upper tissues. As we observed that at all
Cu concentrations, the highest root BCF values were obtained in AM and PGP treatments (Fig. 7). Also, the lower
shoot BCF values in biofertilizer treatments (AM, PGP and AM + PGP) were likely due to the higher efficiency
of biofertilizers in reduction of heavy metal uptake (Fig. 6). Generally, the addition of microorganisms to the soil
decreases the heavy metals concentration, lead to decrease in root uptake®. In such a way that metals adsorb on
the surfaces of microorganisms, their mobilization and concentrations in the soil, as well as their translocation
in plants, will be decreased®’. Abdelkrim et al.” reported that the plant growth-promoting bacteria increase
the accumulation and uptake of heavy metal in plant roots by releasing metal chelates, degrading enzymes and
organic acids in the rhizosphere. They also observed that microorganisms converted metal into bioavailable
forms in the rhizosphere, which increased the heavy metals absorption by plant roots®?.

TF provides information about metal translocation within plants®. Considering that a major portion of
Cu was contained in the roots (compared to the shoots), it could be concluded that reduction in TF values in
biofertilizer (AM, PGP and AM + PGP) treatments (Table 2) could be attributed to metal precipitation in the root
tissues (as presented in Fig. 3). Therefore, using S. meliloti and P. indica could be a viable treatment for decrease in
TF values. It has been reported that plant-mycorrhiza symbiosis could enable mechanisms of selective transport
for both heavy metals and essential minerals ** and effectively reduce transport of heavy metal from roots to the
shoots®®. On the other hand, the TF values of < 1 at all Cu concentrations shows that mung bean roots have inter-
nal restrictions, lead to decrease in Cu translocation from the roots to the shoots. This may be due to the natural
defense mechanisms of the plant, which aim to limit the absorption and translocation of metals to prevent their
toxicity>. Plants employ various strategies to manage metal stress, including enhanced metal chelation through
metal-binding compounds like phytochelatins and metallothioneins®. In the presence of heavy metals such as
cadmium, lead, or copper in the soil, plants initiate the production of phytochelatins in their root tissues. These
synthesized phytochelatins form strong bonds with heavy metals, creating stable complexes that are less mobile
and less likely to be absorbed by the roots or transported to the shoots®’. Additionally, it has been reported that
mycorrhizal symbiosis can stimulate the production of phytochelatins and metallothioneins in cereal crops®.

Most copper-tolerant plants are Cu excluders with very limited transfer from root to the shoot*2. Excluders
indicate high build-up of heavy metals in their roots but have TF less than 1 and are hyper-tolerant®. However,
the translocation of heavy metals from root to the shoot tissues and subsequent harvesting of shoot is of pri-
mary importance for phytoextraction®®. Therefore, the phytoextraction potential of species with TF<1 can be
classified as low.

Conclusions

The mung bean growth and grain yield were significantly reduced at high Cu concentrations (200 mg ¢,/kg ;).
However, the application of biofertilizers, mitigated the negative effects of high Cu toxicity. The translocation
and accumulation of Cu varied in mung bean root and shoot. Higher Cu accumulation in the root than that of
shoot, indicates limited Cu transport from the root to the shoot. The use of S. meliloti and P. indica decreased the
BCF and TF values. Moreover, these treatments were effective in reduction of Cu transport from the root to the
shoot. Decreases in BCF values were likely due to the higher efficiency of S. meliloti and P. indica in reduction of
Cu uptake. Overall, this study indicates that the combined inoculation of mung bean with P. indica and S. meliloti
can effectively remediate soils with low to moderate copper contamination (50-100 mg ¢,/kg ;). Biofertilizers
offer a sustainable, specific, and cost-effective approach to treating contaminated soils. Future research should
focus on optimizing biofertilizer formulations, evaluating long-term impacts, investigating enzyme mechanisms,
and performing field-scale studies to improve our understanding of their role in heavy metal bioremediation.
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Materials and methods

Experimental design and treatments

The outdoor box experiment was conducted during 2017 cropping season in Maragheh city, East Azarbaijan
province, Iran (latitude 37°4’ N, longitude 46°26’ E, altitude 1478 m above sea level). The soil used in this study
was provided from a crop field in Maragheh city, at a depth of 0-30 cm. The physico-chemical properties of the
soil were presented in Table 4.

This research was arranged as a factorial experiment based on randomized complete block design, with three
replications. The first factor was soil contamination with copper, with concentrations of 0, 50, 100, and 200 mg
Cu/kg of dry soil. The second factor was included different fertilizer treatments as chemical fertilizer (urea 150
kg/ha) (CF), biofertilizers consisted of Sinorhizobium meliloti (PGP), Piriformospora indica (AM), combination
of P. indica and S. meliloti (AM + PGP), and a control treatment (no fertilizer). Copper sulfate (Cu SO4) was
provided from Merck, Germany. Mycorrhiza-like fungi (P. indica) and bacterial strain (S. meliloti) used in this
experiment were obtained from the Laboratory of Soil Biology at the University of Tabriz (Tabriz, Iran). The P
indica fungus was propagated on a plate in Kafer medium for two weeks at 24°C. After propagation, the myce-
lium was mixed with sterilized bagasse: perlite (50:50) carrier. The resulting inoculum contained mycelium and
10* spores of P. indica per gram of carrier, which was applied as a biofertilizer in the experiment. S. meliloti was
cultured overnight for 16 h in nutrient broth (NB) and it was used in the experiment once the desired optical
density (OD600) was achieved .

Experimental procedure

In this experiment, the box with dimensions of 28 x48 cm and a height of 22 cm containing 22 kg of soil was
considered as an experimental unit. Artificially contaminated soil was created using copper sulfate (CuSO,-5H,0)
solutions. To achieve the desired contamination levels, 4.4 g of copper sulfate was dissolved in 3 L of water for
the 200 mg (. /kg .o level, 2.2 g for the 100 mg ¢, /Kg ,; level, and 1.1 g for the 50 mg ¢ /kg ; level. The result-
ing solutions were then evenly sprayed onto the soil in their respective boxes and thoroughly mixed to ensure
uniform distribution. Then, for 30 days, the boxes were periodically dried and moistened so that the Cu in the
soil reached a relative equilibrium ¢'. Also, to address nutrient deficiencies, 0.67 g of dry granular urea fertilizer
(46% N) was added to all boxes as starter N for mung bean growth and symbiosis. Throughout this process, the
soil moisture content was maintained at 65% of its field capacity.

Before sowing mung bean (on May 12, 2017), the soil in the biofertilizer treatment boxes was inoculated
with P, indica and S. meliloti at rates of 1.3 and 1.6 g/kg ., respectively . To ensure an even distribution of
microorganisms, the inoculant was thoroughly mixed with the soil in the boxes. Before planting, 2.0 g of urea was
dissolved in the irrigation water and applied to the soil in the designated boxes. No inoculation was performed
in the control treatment. The planting density for mung bean cv. Ghohar was 25 plants m™. Thus, on May 15,
2017, 16 seeds were planted in each box at a depth of 2 cm, and were irrigated with tap water. After emergence
of seedling and establishment, the seedlings were thinned and four plants were kept in each box. The soil water
content at all boxes were maintained at field capacity level. The experimental boxes were placed outdoor in a field
in Maragheh city, East Azarbaijan province, Iran during summer 2017. The mean temperature and monthly total
precipitation of the experimental site during growth season of 2017 is presented in Table 5.

To measure the leaf area index (LAI), a Delta-T leaf area meter (Delta-T Devices, Cambridge, England) was
used at the flowering stage (on 15 July 2017). The LAI for all treatments was calculated by dividing the leaf area
by the ground area (1 m?) ®%. After harvesting (on 12 September 2017), the plant height and grain yield per box
were measured. After harvesting the shoots and removing the roots from the soil, the shoots and roots of each
plant were dried in an oven at 70 °C for 48 h. The dried Shoots, roots, and seeds were then milled to prepare for
measuring the concentration of Cu using an atomic absorption spectrophotometer. Each sample was converted
into ash through a dry ashing process in an electric furnace and weighed accordingly. Extraction involved add-
ing a specified volume of 2 M hydrochloric acid to the solution, which was then filtered using Whatman filter
paper, following the method described by Madanan et al. *°. The atomic absorption device was calibrated for
copper based on metal grade standards provided by PerkinElmer. Finally, the concentration of residual Cu in
the soil was also measured.

The bioconcentration factor (BCF) ® of Cu and the translocation factor (TF) **

were calculated as following:

CEC Cu TN K P oM
Cmol“/kg | mg/kg | % mg/kg | mg/kg | % pH | ECdS/m | Texture
3.53 0.47 0.033 | 620 12,5 1.1 7.28 | 1.76 Loamy Sand

Table 4. The physico-chemical properties of the soil used in the experiment.

May June July August September
Total precipitation (mm) 431 1.27 0.25 0.0 0.0
Mean temperature ("C) 20.4 25.9 30.0 30.0 25.7

Table 5. Monthly total precipitation and mean temperature during 2017 growing season in experimental area.
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Cu concentration in shoot

Shoot BCF = —— — :
Initial Cu concentration in the soil
Cu concentration in the root
Root BCF = —— N -
Initial Cu concentration in the soil
TE = Cu concentration in the shoot

Cu concentration in the root

BCF indicates the accumulation ability of plant for specific metal based on its concentration in the soil; and its
values are classified into the following categories: intensive, BCF > 1; medium, BCF=1- 0.1; weak, BCF=0.1-0.01;
and no accumulation, BCF=0.01-0.001 . TF also indicates the ability of the plant to translocate metals from
the roots to the aerial parts of the plant. The TF > 1 indicates a good transfer of metal ions from the roots to the
upper part of the plant and phytoextraction capability, and the TF < 1 indicates that the metals are largely stored
in the roots of plants .

Statistical analysis

SAS version 9.0.3 was used for analysis of variance (ANOVA) based on a randomized complete block design
with 20 treatments and three replicates. The whole experiment was conducted two times. The interactions of
time X treatments were not significant, so the data from both experiments were pooled for data analysis. For
comparison of the means, Duncan’s multiple range test was used at p <0.05.

Data availability
The necessary information is available from the corresponding author on reasonable request.
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