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Abstract

Increasing urbanization and industrialization are releasing a considerable proportion of solid wastes into the environ-
ment globally. A large number of addition of solid wastes including sewage sludge contributes to the agricultural soils
with organic matter and several nutrients. However, sewage sludge has been the major source of large amounts of heavy
metals in agricultural soils. Therefore, the impacts of the heavy metals-laden sewage sludge on the health of agricultural
soil and plant/crops are obvious. Notably, soil microorganisms particularly arbuscular mycorrhizal (AM) fungi and root-
nodule bacterium Rhizobium are two root symbionts widely reported to alleviate the impact of heavy metal-laden sewage
sludge and promote plant growth and productivity. Integration of AM fungi with Rhizobium has been found promising
especially in leguminous crops, where the net influence of this combination is supposed to be very high. This paper aims
to: (i) briefly introduce the representative leguminous crops chickpea (Cicer arietinum L.) and lentil (Lens culinaris Medik.);
(i) overview the microbial symbiosis in legumes; (iii) highlight the major sources of the heavy metal-contamination;
(iv) enlighten major constituents of sewage sludge, status of heavy metals in sewage sludge, and the main impacts of
sewage sludge on the health of both soil and plants; (v) discuss the major insights into the interaction of microbes with
heavy metals, with implications of the outcomes for the phytoremediation; and also to (vi) mention the major aspects,
to date least explored in the current context.
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1 Introduction

Legumes or pulses (Family: Fabaceae) are second to cereals in terms of their consumption as a fundamental staple food,
and are widely grown crops and are primarily sold as dry goods worldwide [1]. The pulses are adequately rich in protein,
carbohydrates (including dietary fiber), fatty acids, minerals and vitamins; hence form a significant portion of the human
diet [2]. Additionally, these legumes are also known for their ability to fix atmospheric nitrogen, enrich soil nitrogen (N)
and increase crop growth and yield. The tripartite relationship of the family leguminosae (Fabaceae) members with
arbuscular mycorrhizal (AM) fungi and Rhizobium helps in the uptake of nutrients by plants, improves their growth and
restores the unbalanced ecosystem [3]. In crop rotation strategy, the pulse crops help in controlling weeds and plant
diseases and improve soil texture and fertility. Appropriate sources of plant nutrition and superior crop management
practices result in greater yield of pulses. Phosphorus (P) is one of the essential elements for the proper growth and
yield of pulses. The pulses fix the atmospheric-N through Rhizobium and P helps in nodule development and N,-fixing

>4 Mudassara Hasan, mudassarahasan93@gmail.com | 'Plant Ecology and Environment Laboratory, Department of Botany, Aligarh
Muslim University, Aligarh, Uttar Pradesh, India. 2Botany Section, Women’s College, Aligarh Muslim University, Aligarh, Uttar Pradesh, India.

Discover Plants (2025) 2:103 | https://doi.org/10.1007/544372-025-00192-6

Check for
updates

@ Discover



Review
Discover Plants (2025) 2:103 | https://doi.org/10.1007/544372-025-00192-6

efficiencies of Rhizobium. On association with suitable Rhizobium strain, pulses enhance their natural ability to solubilize
rock phosphate and thus absorb more P from the soil on additional symbiotic association with AM fungi that also helps
in solubilization of P [4]. Symbiotic rhizobial strains resistant to heavy metals have been found in legumes growing in
contaminated sites like mine deposits and serpentine soils [5, 6]. Thus, association of pulses, Rhizobium and AM fungi
form a tripartite symbiotic association. The application of sewage sludge for agricultural use is encouraged as part of their
disposal management due to the presence of majority of elements essential for plant growth. But, presence of some toxic
heavy metals in this solid waste and their uptake by plants pose a serious threat to the entire agroecosystem. Therefore,
in this review, phytoremediation is discussed which is a technique used by plants for removing toxic substances from the
sewage sludge amended soil. Due to their propensity to colonize marginal lands and nutrient deficient soils, legumes
have been suggested as useful species for phytoremediation [7]. Common legumes having interaction with AM fungi
and Rhizobium and which can be used as an implication for phytoremediation to remove heavy metals present in sew-
age sludge and are also widely used in our diet are mainly chickpea and lentil crops which are discussed in this review.
Chickpea (Cicer arietinum L.), often known as Bengal gram is a popular pulse crop in the human diet. It is a rabi crop
that requires cool climatic conditions to thrive and a warmer temperature to mature [8]. Chickpea grows well on sandy
and loamy soils with adequate drainage. It is a popular pulse crop cultivated and consumed worldwide, particularly in
Afro-Asian countries. It is a valuable source of carbohydrates and protein, with higher protein content than other pulses.
Owing to availability of high levels of all necessary amino acids (except for S-containing ones), chickpea has a number
of health benefits. The dietary intake of legumes in addition to grains reduce the risk of cardiovascular disease, type 2
diabetes, gastrointestinal illnesses and several malignancies [9]. Thus, one of the main aims of chickpea breeders is to
boost output by either improving the genetic makeup of cultivars or reducing biotic and abiotic stressors of the plant
[10]. Lentil (Lens culinaris Medik.) is a self-pollinating cool-season legume. As a pulse crop, it is cultivated in subtropical
and warm temperate regions, and at high altitudes in the tropics. Many research reports in recent years have revealed
that pulses, particularly lentils, may offer several health benefits besides meeting basic nutrient requirements for humans
[11]. Lentil is high in bioactive phytochemicals like recoverable and non-soluble phenolics, flavonoids, tocopherols, sapo-
nins, phytic acid and phytosterols linked to the health advantages of lentil consumption [12]. However, various biotic
and abiotic variables such as drought, salinity, excessive temperature and mineral deficiencies limit lentil yield. Various
agronomic approaches, including microbial symbiosis and organic fertilizer application in lentil are being investigated
to increase the nutritional demands modern agricultural areas [13].

Thus, several data and scientific information have been collected from several past researches and this review is
drafted based on the scientific reports obtain from several sources including Science direct, Web of science etc. to interest
the interdisciplinary scientific research. This review aims to provide a brief overview of the representative leguminous
crops and enlighten the microbial symbiosis in them; it also emphasize the main sources of heavy metal contamination
particularly sewage sludge and to highlight its major constituents, the status of heavy metals in sewage sludge, and the
main effects of sewage sludge on soil and plant health. The review also discusses the key findings regarding the interac-
tion between microbes and heavy metals, strategies for phytoremediation and its future prospects in agriculture sector.

2 Symbiosis of microbial organisms in leguminous crops

Benefits of dual inoculation of nitrogen fixing bacteria (Rhizobium) and symbiotic fungus (AM fungi) have been studied
by a number of workers. Amirnia et al. [14] studied that nitrogen-fixing soil bacteria along with AM fungi improve seed
yield and quality of lentil crop; Havugimana et al. [15] also studied the role of dual inoculation of Rhizobium and AM fungi
on pulse crops production; Khan et al. [16] and Yaseen et al. [17] also reported the influence of AM fungi and Rhizobium
inoculation on the growth and quality of pulse crop. The dual inoculation of legumes with Rhizobium and AM fungi help
plants in combating their nutritional deficiency [18], and in turn, helps in improving plant biomass [19] and yield [20]
(Fig. 1).

2.1 Rhizobium
Nitrogen-fixing root nodulating bacteria (Rhizobium) are free living in soil and root regions of both legquminous and
non-leguminous plants. Rhizobium tends to form a symbiotic alliance specifically with the roots of leguminous crops

and form root nodules. As root nodules turn older after a period of N,-fixation and tissue starts decaying, these motile
Rhizobium forms get released into the soil. The release of rhizobia from nodules is crucial for the evolution of N,-fixing
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Fig. 1 Schematic representation of the tripartite symbiotic relationship between leguminous crop, Rhizobium and AM fungi

bacteria [21]. They act as an inoculum for the subsequent crops of a particular species of the legume [22]. After seed
germination, the roots develop all the way through the soil and the loss of organic material supplies the driving
force for the vigorous expansion of the microbial population around the root, known as the rhizosphere effect [23].
Saprotrophs stimulates microbial action. Mutualistic biotrophic symbiosis develops between rhizobia and legumes
and mycorrhizal fungi may also interact with the host and resulting in more beneficial tripartite symbiosis [24].
Biological N,-fixation is a complex process demanding the association of the bacteria (Rhizobium) and the host
plant species. Rhizobium infests the root hairs of legume crops and results in the development of nodules, a site for
fixing free air nitrogen which is present as a N, molecule, where two N atoms are bonded through a triple bond. It
requires a huge amount of energy to reduce it to ammonia (NH;), a form available to the plants with the help of the
nitrogenase enzyme [25]. These bacteria occur in a variety of soil types and vary in their number, nodulation and
N,-fixing ability [26]. These bacteria improve pulse production and minimize the application of N, based fertilizers.
To ensure an adequate rhizobial population, the legumes seed be inoculated with an efficient rhizobial strain. It
helps in improving nodulation, N,-fixation as well as growth and yield of pulses [27]. The efficient germination
of seeds and their growth into a mature plant is determined by how well the prevailing soil conditions are for
the plant. The plants in interactions with the rhizospheric microorganisms influence these beneficial factors [28].
Root nodulating symbiotic Rhizobium bacteria effectively regulates plant growth either naturally [29] or in stressed
conditions, whether it be biotic stress such as soil pathogens [30] or abiotic stress like salinity, drought [22, 31],
nutrients deficiency and heavy metals [22, 32]. Heavy metal toxicity affects the growth of host plants through adverse
effects on population of beneficial microbes, causing nutrient deficiency or damaging the plant growth either directly
or indirectly. Therefore, the association of root nodulating bacteria is important for lequminous crops for maintaining
N-uptake and growth of the host plant, which can be halted by the presence of toxic heavy metals in soil.

2.2 Arbuscular mycorrhizal (AM) fungi
Arbuscular mycorrhizal (AM) fungi form a symbiotic association with more than 80% of terrestrial plants. The AM fungi

are distributed worldwide in a varied range of climatic conditions. The host of AM fungi includes a variety of plant groups
belonging to angiosperms, gymnosperms, pteridophytes and even bryophytes [33]. AMF associations are often reported

@ Discover



Review
Discover Plants (2025) 2:103 | https://doi.org/10.1007/544372-025-00192-6

in submerged aquatic plants [34] in addition to some floating plant species [35]. The AM fungal association has been
reported in a number of plants species including wheat, maize, beans, legumes, tomatoes, potatoes, soybeans, banana,
mango, apples, oranges, grapes, castor, tobacco, tea, coffee, cocoa, sugarcane, asparagus, rubber, cardamom, pepper and
millets [36]. AM fungal symbionts intake photosynthetic carbon from the root cortex cells of their hosts for the growth of
intracellular arbuscules and intercellular hyphae in the apoplasts of the root cortex cells [37]. Through their specialized
mycelium, AM fungi derives P, N and other minerals from a large soil volume and transfer them through the root system
of host to their aboveground parts with the help of arbuscules [38].

The hyphae of AM fungi associated with host plants expand the surface area of the roots and improve uptake of
nutrients by absorbing from a larger soil volume [39]. The AM fungi expand their extra radical hyphae several centimeters
deep into the soil, and not only take hold of large amounts of nutrients but also absorb several undesired heavy metals
present in the soil [40]. However, the efficacy of the nutrients uptake differs with species of AM fungi and their host plants
[13,41]. The increased uptake and flow of minerals like Ca, Cu, Fe, K, Mg, Mn, N, P, S and Zn to the host roots from a larger
soil volume are some of the important aspects of mycorrhizae colonized plants [42]. Cysteine-rich proteins present in the
fungal mycelium promote the uptake of nitrate and ammonium from the soil [43]. The glutamine synthetase activates
carbon metabolism in Glomus intraradice and transports nitrogen to the host plant [44]. AM fungal colonized roots involve
two major nutrient uptake pathways, namely the plant uptake pathway and the mycorrhizal uptake pathway. The plant
uptake pathway involves the uptake of nutrients via low affinity uptake transporters present in the epidermis or root
hairs. The uptake of P with low mobility via the plant pathway is often limited due to the development of depletion zones
around the roots. In contrast, the mycorrhizal uptake pathway having evolved high affinity with nutrient transporters
in their extraradical mycelium, enhances translocation along the intraradical mycelium hyphae in the root cortex [45].
A plant is simultaneously colonized by several communities of AM fungi with differing efficacy in the extent of nutrient
uptake through the mycorrhizal pathway [46].

2.2.1 AM fungi as natural biofertilizers

AM fungi increase the nutrient acquisition to the host plant and are thus known as natural biofertilizers [47]. AM fungi
help maintain the soil structure and reduce the nutrient leaching from soil as leaching harms the soil fertility and
contaminates surface and groundwater [48]. Thus AM fungi maintain sustainable agriculture by reducing dependence
on chemical fertilizers and pesticides. Besides several roles, mycorrhiza is mainly known for enhancing the phosphorus
uptake in plants [49]. According to one estimate, approximately 50% of phosphate fertilizer application in croplands
may be minimized by treating the plants with specific AM fungal inoculants [50]. The AM fungal symbiosis also increases
the uptake of macronutrients like N, P, K, Ca, and Mg as well as micronutrients significantly, leading to enhanced carbon
fixation and higher biomass accumulation even under abiotic stress [51]. Adequate nutrient acquisition, proportionately
improves growth and yield of the host plants. AM fungi also improve yield and growth of food, fodder and fuel crops [52].
AM fungi also increase the tolerance or resistance in plants to different soil-borne diseases and also restrict the growth
of pathogens. The AM fungi colonizes with the host root system and defend against the pathogens present in the soil
rhizosphere [53]. But, some environmental conditions adversely affect the establishment of a specific AM fungal strain in
forming a mutualistic association with the host [54]. Indigenous AM fungi with evolved physiological adaptations have
capability to withstand the adverse environmental conditions of their habitat [55]. AM fungi also activate the soil biota
and play a critical role between soil and plant roots in a natural ecosystem. In anthropogenically metal contaminated soil,
AM fungi also enhance phytoremediation by mitigating metal toxicity (bioalleviation) and enhancing plant growth [56].

2.2.2 AM fungi and plant stress tolerance

Several abiotic stresses, like drought, salinity, high temperature and pollutants deteriorate soil quality leading to a
serious threat to agriculture. All these stresses are among the major causes of crop loss, worldwide [57]. The tolerance
mechanisms of mycorrhizal plants to abiotic stress have been reported by Malhi et al. [58]. The occurrence and abundance
of AM fungi are influenced by prevalent agricultural practices, environmental conditions, soil type and with species of
the host plant [59]. The symbiosis between plant and AM fungi improves photosynthesis and growth of the host plant by
enhancing its tolerance to stress [60]. The AM fungi also enhance antioxidant defense mechanisms in host plants [61, 62].
In majority of cases, the arbuscular mycorrhizal fungi are known to increase heavy metals uptake in their host plant [63].
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In fact, some AM fungi are also known to have adapted to metal contaminated soil by producing the
glycoproteins"Glomalins"to immobilize heavy metals [64]. “Metallothionine”, a protein released by AM fungi, reduces the
heavy metal toxicity in soil [65]. AM fungi are among the most common biological methods of reclaiming heavy metals
contaminated soil. Both AM fungi and hyperaccumulating plants have some unique abilities, making them suitable for
treating heavy metals [66, 67]. Plants have infact developed a symbiotic association with AM fungi as a defense strategy
to combat stress. AM fungi can effectively immobilize the toxic heavy metals and minimize their uptake into the host
plants by binding metal ions to the hyphal cell wall and excreting several extracellular exudates [68]. These studies
suggest that AM fungi have evolved several mechanisms to adapt in contaminated soil and continue to benefit their
hosts in turn of a small amount of carbon.

3 Heavy metals in environment

Contamination of soil, water and air with heavy metals has become the world’s most consequential environmental
problem [69]. Excess amounts of heavy metals in soil and water bodies can negatively impact the terrestrial and aquatic
animals. These toxic metals, once established in the surroundings, are non-biodegradable and prevail for a prolonged
period [70]. Heavy metals also pollute underground and surface water reservoirs. The contamination of surface water
bodies ultimately results in degradation of soil sediments. The release of large amounts of industrial as well as domestic
sewage without requisite treatment into the marine community consistently leads to a high level of increase in the
quantity of heavy metals in it [71].

A small quantity of heavy metals occurs in the soil naturally; however, the addition of a larger amount from manmade
sources leads to a problem of serious global concern. Anthropogenic activities like mining, unsafe disposal of waste,
industrial pollutants, excessive use of pesticides and fertilizers in agriculture and irrigation with sewage water containing
heavy metals are some of the major reasons for the loss of soil properties and its erosion [72]. The cycling of heavy metals
in air, water and soil and their subsequent transfer into the food chain is a prime concern [73-75].

3.1 Sewage sludge

Due to the rapid increase in urbanization and industrialization across the world, large amount of solid wastes are being
dumped into the environment particularly on land and in water bodies. Sewage sludge constitutes a major part of the
total solid waste generated from such activities. A massive amount of these wastes are produced and discharged in closer
proximity of urbanized areas and thus, cause a non-stop menace in the surroundings [76]. Hence, a proper sustainable
disposal of the massive amount of sewage sludge in an eco-friendly way is important. Sewage sludge contains nearly all
the nutrients needed for plant health. Due to some beneficial properties, sewage sludge is widely applied as fertilizers in
agricultural land. In addition to nutrients, solid wastes also have potentially toxic non-essential heavy metals and other
organic pollutants [77].

3.1.1 Major constituents

Water constitutes major bulk of the sewage sludge in addition to organic composites, macronutrients, micronutrients,
heavy metals, organic micro-toxins as well as microbes [78]. Domestic wastewater includes black water from toilets and
greywater from kitchens, bathrooms and cleaning wastes. Sewage sludge is a semi-solid sediment and is generated
abundantly [79]. The solid contents in sewage sludge typically constitute 0.25-12% of weight, depending upon effluent
type and different processes used for sewerage treatment [80]. Sludge properties usually depend upon the source of
sewage discharge and treatment processes. During wastewater treatment, approximately 50-80% of the total heavy
metals present in wastewater are immobilized in sludge through certain physicochemical and biological actions [81].
In urban societies, metals primarily come from human waste, cosmetics, detergents and kitchen wastes. The industrial
waste sludge varies in its chemical constituents subject to the kind of industrial activities, climate and other factors [82].
Some of the major constituents present in sewage sludge includes nutrients like Nitrogen (N), Phosphorus (P), Potassium
(K) along with heavy metals like Cadmium (Cd), Chromium (Cr), Lead (Pb), Nickel (Ni) and Zinc (Zn) [24, 77]. The data on
the typical concentration of organic carbon, nutrients and heavy metals present in sewage sludge has been described
earlier by Antoniadis et al. [83]. The total amount of sludge produced worldwide has increased significantly over the past
several years and is expected to raise many-fold over the next few years [84]. Due to presence of harmful contaminants in
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it, the greatest concern is the removal of its toxic substances in an economical and environmentally sound manner [85].
Proper recycling or environmental disposal of urban sewage sludge is lagging behind its required goals and people are
facing a greater challenge in adequate treatment of consistently increasing amounts of sewage sludge.

3.1.2 Major effect on plants

Spreading of sewage sludge as fertilizer or manure in farmlands is considered as an ecofriendly way of its disposal [85,
86] due to presence of large amounts of organic matter, macronutrients such as nitrogen and phosphorus in addition to
other essential nutrients [87]. Many findings have suggested that supplication of sewage sludge showed considerable
improvements in the growth of several crops including faba bean [88], cucumber [89], corn [90], poplars [59], wheat [91]
and mung bean [92]. Sewage sludge as an organic fertilizer promotes plant growth and productivity [24, 77, 93, 94]. The
use of sewage sludge has resulted in a significant boost in the development and yield output of various plants in recent
years. With soil amendment containing sewage sludge up to 12 kg m~2, the shoot length, leaf area, and total biomass
of mung beans (Vigna radiata) and rice (Oryza sativa) improved [92, 95]. The soil treated with sewage sludge has been
linked to higher growth of oats (Avena sativa) and barley (Hordeum vulgare) [96]. According to Gu et al. [97], adding 300
tons ha™' of sewage sludge to the soil boosted the fresh weight of the ryegrass’s roots and above-ground sections.

The addition of sewage sludge in the soil increased chlorophyll contents in the host plant more efficiently than on
application of other fertilizers. Photosynthesis and other biochemical parameters improved in rice (Oryza sativa) grown
in soil with varied sludge concentration [98]. Similarly, enhancement in the pigment biosynthesis, total sugar and protein
contents in wheat and Jews mallow plants grown in sludge amended soil has been reported by Mazen et al. [99]. The
amount of sugars and ascorbic acid was higher in the roots and leaves of sweet potatoes planted in soil enriched with
sewage sludge [100]. Increasing sludge concentrations in the soil led to corresponding increase in lipid peroxidation,
ascorbic acid, peroxidase activity and amount of proline indicating oxidative stress proportional to the quantity of applied
sludge, besides the reduction of thiol and phenolic content in rice plants [98]. Mazen et al. [99] found that the amount
of proline reduced in wheat and mallow plants treated with 25% of sewage sludge but increased on application of 75%
sewage sludge, indicating that plants at this level were affected by coercion.

Sewage sludge application increases crop yields of Phaseolus vulgaris [101]. Yamur et al. [102] reported a significant
increase in seed yield of lentils (Lens culinaris) grown in soil treated with 6 kg m~2 sewage sludge. When soil enriched
with 2.51 kg m~2 sewage sludge, Lady’s finger (Abelmoschus esculentus) production also rose to 135% [103]. Growing
rice (Oryza sativa) in soils containing different quantities of sewage sludge resulted in an increase in yield; the maximum
yield was obtained when 12 kg m™2 of sewage sludge was applied [95]. Mung bean (Vigna radiata) growth and yield
also increased with a 12 kg m™ application of sewage sludge [92]. Hence, increased productivity on sludge treatment
has been attributed to increased plant nutrient availability on sludge application. Higher plant growth performance is
thought to result from the sludge’s early commencement of the reproductive cycle [86]. Certain plants had a shorter life
span and an early commencement of the reproductive cycle due to the presence of heavy metals [82] and other physico-
chemical or ecological pressures [104].

3.1.3 Major effect on soil

3.1.3.1 Physical properties The physicochemical properties of soil get altered on sewage sludge application in agri-
cultural land as a fertilizer. Because of the persistence of organic compounds in biosolids, the incorporation of sew-
age sludge boosts the physical properties of soil, such as its overall density, permeability, capacity for water retention,
and formation of soil aggregates and stability [105]. These properties can also outperform farm manure applications to
soil. Higher amounts of sewage sludge in wheat croplands reduced bulk density and improved soil porosity [106]. The
increase in aggregate stability and total porosity is a contributing factor in the decrease in bulk density. Cameron et al.
[107] reported that the addition of sludge increased the stability of soil aggregates by 41% in sandy loam soil but not
on addition in clay soil and inferred that the beneficial impact of sewage sludge depends upon the soil type. Sewage
sludge amendment improved soil physical characteristics, which led to higher soil filtration rates, less surface runoffs
and overall lesser water erosion.

3.1.3.2 Chemical properties Application of organic matter rich sewage sludge in soil increased the synthesis of humic
compounds and other organic acids, essential for modifying the properties of soil. In two contrary findings, application
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of municipal sewage sludge in one case increased the soil pH [108] and in another reduced the soil pH while increasing
organic carbon, accessible phosphorus and total nitrogen levels [92, 95, 98, 109]. Acid generation during sludge decom-
position and the calcium carbonate concentration of the sludge has been linked to changes in soil pH. High amounts
(100 t ha™") of sewage sludge application in a calcareous soil reduced the soil pH from 8.2 to 8.0 [110]. Application of
sewage sludge to soil improved cation exchange capacity through additional cation binding sites to vital plant nutrients
effectively available within the root zone of higher plants [111]. One of the primary criteria for sewage sludge’s suitability
for agricultural application is the ability of humic compounds to bind high quantities of nitrogen in it [112].

There are some harmful adverse effects of the addition of sewage sludge in soil. Sewage sludge addition to soil
generally increases the amount of heavy metals both in soils and plants [24]. Some soil characteristics like pH, redox
potential, sesquioxide content, organic matter and sludge application rate, also affect the bioavailability of the metals.
Morera et al. [113] studied the bioavailability of four heavy metals (Cu, Ni, Pb and Zn) to sunflower from sludge applied
in soils with four different physico-chemical properties and found that Zn bioavailability was favored by acidic soil and
Cu bioavailability by alkaline soils. Hazra et al. [114] also noted that phytoavailable heavy metals (including Cu, Ni, Pb
and Zn) increased with the rate of sludge application.

3.1.3.3 Biological properties Implementation of sewage sludge promotes the re utilization of nutrients from sludge into
agriculture by boosting microbial biomass carbon (C), basal respiration, N-mineralization, and several soil enzyme activi-
ties (urease, BAA-protease, dehydrogenase, alkaline phosphatase, and B-glucosidase) [115]. In contrast, Banerjee et al.
[116] reported that sludge application decreased the diversity and microbial population, but did not affect the size
of the soil’s microbial biomass, its capacity to mineralize nutrients and activity of soil enzymes like arylsulfatase, acid
phosphatase and alkaline phosphatase. Kizilkaya and Bayrakli [117] investigated the effects of various doses of sewage
sludge applied in soil (0, 100, 200 and 300 t ha™' dry wt.) and C/N ratios (3:1, 6:1 and 9:1) and found significant increase
in the activities of B-glucosidase, alkaline phosphatase, arylsulphatase and urease. The highest B-glucosidase activity
resulted in soils with highest C/N ratio and sludge dose. The soil modified with the lowest C/N ratio and the largest
dosage of sludge showed the greatest action of urease, alkaline phosphatase, and arylsulphatase [117]. Low concentra-
tions of heavy metals in sewage sludge had numerous positive effects on soil microbial biomass, organic carbon and
soil microbial activity, whereas higher concentrations significantly reduced organic carbon, soil microbial biomass level,
activities of soil enzymes and soil microorganisms [118].

3.1.4 Occurrence of heavy metals in sewage sludge and its impact on health and productivity

Heavy metals interfere with the agronomical values like depreciation of soil parent materials and atmospheric
accumulations [119]. Sewage sludge is one of the major and consistent source of heavy metal addition in agricultural
soils [120]. Cadmium, chromium, lead, nickel and zinc are constituents of major heavy metals in sewage sludge. The
relative proportion of heavy metals varies with the source of sewage (domestic or industrial) and the degree of treatment
of sludge in sewage treatment plants [83]. Despite, soil improvement and plant growth promoting abilities, the adverse
effects of heavy metals contained in the sewage sludge on food chain organisms cannot be set aside. Organic and
inorganic pollutants found in the sludge may enter consumer food chains via consumable sections of agricultural plants
growing in the sludge amended lands and such food chains are of serious concern [74, 75, 121, 122]. Heavy metal
concentrations may be leached into groundwater or absorbed by plants and transported to other food chains [123].
Concentrations of Cd, Cr, Pb, Ni and Zn in sewage sludge amended soil were significantly higher [124]. The application
of sewage sludge increased the amounts of Cd, Cu, Ni, Pb and Zn in soil far within the permissible limits for agricultural
soils [125]. Fluctuations in the types and concentrations showed variations in various studies. These fluctuations are
attributed to the source and extent of sewage sludge treatment [122].

Shoots and roots of Beta vulgaris [109], Oryza sativa [95] and Vigna radiata [92] cultivated on sewage sludge remedied soil
had greater concentrations of Cd, Cr, Cu, Ni, Pb, and Zn. Accumulations of Cd, Cr, Cu, Ni, Pb and Zn were higher in roots than
in the shoots of chickpea plants grown in heavy metals contaminated soil [126]. On the contrary, it was also discovered that
the shoots of numerous crops accumulated more amounts of metal than the permissible limits, rendering them unsafe for
human or animal consumption (74, 92, 109]. The convergence of several metals in ryegrass was enhanced by the addition of
sewage sludge to the soil [97]. Cd, Cr, Cu, Mn, Ni, and Zn rose by 1130, 12.9, 355, 108, 2230, and 497% in the roots and by 431,
4.3,92.6,58.3,890, and 211% in the aboveground sections of ryegrass with the use of 300 tons ha™' sewage sludge in the
soil [97]. The content of heavy metals in the tissues of rice plants was also raised by the usage of sludge. According to Latare
et al. [85], rice grain’s Cd content exceeded the Indian threshold when 20 tons of sludge was applied to the soil annually. The
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periodic application of biosolid compost with a rate of 20 tons/fed in chickpea and maize plants grown at different rates of
mineral NPK fertilizers with surface drip or subsurface drip irrigation systems saved about 25% of the mineral NPK fertilizers
proved to be the best means of recycling farm and human wastes for a clean environment [127].

4 Microbes and plants-heavy metal interaction

Rhizobium inoculation promotes crop productivity and greater plant biomass accompanied by an increase in nitrogen
content in plants. Apart from their innate capacity of fixing nitrogen, Rhizobium can also help plant growth through
processes such as adsorption and metal tolerance. Rhizobium forming root nodules with their hosts increase metal
accumulation in roots. In contrast, bacteria in the rhizosphere reduce metal toxicity by processes such as precipitation,
chelation, inhibiting metal transport and biosorption. Once rhizobia allied with its host, the nodules can operate as a
storage location for metals, reducing their ability to translocate into aboveground plant sections [7]. The uptake of Pb,
Cu and Cd in Mimosa pudica symbiosis with Cupriavidus taiwanensis was 86, 12, and 70%, respectively, higher than in
nodule-free host without symbiosis with C. taiwanensis [128].

Rhizobial symbionts of the genera Mesorhizobium, Rhizobium and Aminobacter have been discovered to be linked with
Anthyllis vulneraria. New rhizobial species like Mesorhizobium metallidurans, Rhizobium metallidurans and Aminobacter
anthyllidis are among them [5, 129-131]. These new rhizobial species have only ever been discovered in Pb contaminated
areas and not in unpolluted soils [6]. When grown in soil contaminated with metals, inoculating Vicia faba, Lens culinaris
and Sulla coronaria with consortia of rhizobia and non-rhizobia improved plant growth and pod yield. Additionally,
compared to uninoculated plants, the infected S. coronaria acquired substantially more cadmium [132]. These findings
show that the success of phytoremediation by Rhizobium inoculated legumes may be influenced by root associated
microbial populations. Researchers working on the recovery of places contaminated with heavy metals found interesting
relationship between leguminous plants and symbiotic rhizobia [133]. Low dosages of Ni** were used in the treatment
to increase hydrogenase activity in Rhizobium leguminosarum bv. viciae and stimulate nitrogen fixation and plant
development in soybean [134]. Besides many beneficial roles of Rhizobium in mitigating adverse effects of heavy metals
on the host plant, the symbiosis is negatively impacted by an excess of heavy metals, which results in fewer symbiotic
nodules, decreased percentage of nodulation and nitrogen fixation [7].

Similarly, AM fungi aid in the phytoremediation of heavy metal contaminated soil by attaching the heavy metals to
their chitin based cell walls. The mechanism known as passive adsorption binds around 0.5 mg of Cd per mg dry mass in
fungal mycelial branches [135]. The AM fungus has a vast hyphal network that binds heavy metal contaminants from soil
and works as a heavy metal sink. Heavy metal resistant AM fungus may withstand 2-4 times more of the host roots [136].
Pollutants infiltrating the ecosystems through the ingestion of heavy metals affect food crops and endanger the entire
food chain, making heavy metal removal from the terrestrial land critical [137]. Metal transformation in the rhizosphere
is influenced by AM fungi in a variety of ways, including immobilization, acidification, hyphal sequestration, change
of root exudates and chemical coagulation inside the ground [136, 138]. The symbiotic relationship between the AM
fungus (Funneliformis mosseae and Rhizophagus intraradices) with lettuce resulted in varied Zn uptake, while application
of R. intraradices increased Zn levels, F. mosseae did not [139]. The AM fungus aids in mineral nutrient uptake and lowers
systemic toxicity in plants. Metals such as Cu, Fe, Mn and Zn are necessary for a variety of biological activities in plants,
but they can be poisonous in large amounts. AM fungi regulate their transport by acting as a homeostat [63]. Table 1
shows certain studies on interaction in leguminous plants (chickpea and lentil) by Rhizobium and AM inoculants and
their effect on plant growth and productivity.

5 Implication for phytoremediation

Heavy metal-contaminated soils can be remedied using a variety of phytoremediation techniques, such as (i) phytostabi-
lization, which uses plants to lower the bioavailability of heavy metals in the soil, (i) phytoextraction, which uses plants
to draw out and eliminate heavy metals from the soil, (iii) phytovolatilization, which uses plants to capture heavy metal
from the soil and emit it into the atmosphere as volatile substances, and (iv) phytofiltration, which uses hydroponically
cultivars to absorb or adsorb ions of heavy metals from underground water and liquid wastes [140]. Various inorganic and
organic pollutants are responsible for soil pollution, and their phytoremediation is regarded as an efficient and safer way
for the elimination of these pollutants [141]. Repeated cycles of plantation and harvesting of heavy metals accumulating
plants reduce the heavy metals concentration and toxicity in soils [142]. The effective phytoremediation depends upon
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the bioavailability of the contaminating heavy metal, besides other factors. As, Cd, Cu, Ni and Zn are highly bioavailable,
Mn moderately and Cr as well as Pb are least bioavailable for plants [143, 144].

Some plants, along with their rhizospheric symbiosis with microorganisms are more helpful in the remediation of
contaminated soil and water [145]. Some symbiotic microbes have ability to change absorptive properties of the host
roots by increasing their length, root surface area and number of root hairs and thus, increase metal uptake by the
plants [146]. Therefore some symbiotic microorganisms and their host plants have greater potential to carry out the
bioremediation of heavy metals in any contaminated soil [147].

Rhizobium species resistant to heavy metals act directly on these metals by chelation, precipitation, transformation,
biosorption and accumulation and hence can be used for phytoremediation. In addition, Rhizobium acts as a plant growth
promoter as it helps in nitrogen fixation, phosphorus solubilization, synthesis of phytohormones and some enzymes
enhances legume growth by reducing heavy metal toxicity [7]. This mutualistic association between Rhizobium and
roots of leguminous crops favors the plant-microbe relations and has widely been used in agricultural lands as a source
of nitrogen for crops which in turn increases plant growth. Besides this, symbiosis is also important for areas polluted
with heavy metals for increasing soil fertility as well as alleviating metals concurrently. Thus, Rhizobium can augment
phytoremediation by fixing nitrogen and producing substances that encourage plant growth. Because of the shift in
accessibility, would cause an increase in the absorption of metals and their transfer from soil to plant [148]. A few strains
of Rhizobium have the ability to absorb and store metals, which aids in phytostabilization in an indirect way [149].

Similarly, several AM fungi are known to promote nutrient uptake to increase growth of their host plant and thus,
decrease heavy metal toxicity by dispersing in larger plant body and let the host plants survive in metal contaminated
soils [150]. AM fungi intensify heavy metals intake in the host plants and encourage processes like phytostabilization
and phytoextraction in several plant species [151]. Total Pb and Cd accumulated by the roots were about 2 and 3 times
higher in mycorrhizal plants than in non-mycorrhizal plants. A small amount was transferred to the shoots of Limonium
sinuatum [152]. Greater concentrations of Cd, Co, Cu, Pb, U and Zn in soil and roots were directly related to lower
mycorrhiza infection [153]. Cd negatively affects the root colonization and development of AM extraradical hyphae,
impacting mycorrhizal symbiosis with the host plant [154]. Gigaspora margarita inoculated plants had high shoot dry
weight with high P, Cu, Zn and Pb concentrations except Cd concentration [155]. Inoculation with AM fungi significantly
increased activities of antioxidant enzymes than the non-mycorrhizal ones, which indicates that AM fungi phytostabilized
Cd stress in Trigonella plants [156]. Sharma et al. [157] inoculated one Cd tolerant and other non-tolerant wheat genotypes
with AM fungi and revealed that higher accumulation of stress metabolites like sugar, proteins, proline and glycine
betaine elevated plant growth in tolerant genotype and managed the Cd stress than non-tolerant wheat species.

6 Conclusions and future prospects

Recycling of sewage sludge is a key component of the circular economy. Stabilization of sewage sludge can restore its
agronomic value which can be utilized in achieving sustainable agricultural activities for its use as a fertilizer to improve
soil properties and grow crops. Sewage sludge is rich in nutrients like potassium, calcium, phosphate, and nitrogen.
However, sewage sludge consists of both heavy metals and nutrients in it, heavy metals can affect growth of host plant
directly or indirectly but the nutrients present in it promote the growth of host plant, although excessive nutrients in it can
often hamper the establishment of symbiotic association between the host plant and soil microbes. The soil symbionts
like Rhizobium and AM fungi help in plant growth and protect the plants against the stress caused by heavy metals. But,
the beneficial roles of symbiotic microbes in mitigating heavy metals stress in the host plants and the adverse effects
of heavy metals on population of microbes may vary from species to species of the host, Rhizobium and AM fungi as
well as sewage sludge source and rate of its application in addition to environmental variables. This review concludes
with the benefits of using legumes inoculated with symbiotic microbes. However, to obtain the greater benefits from
legumes accompanied with the symbiotic microbes for phytoremediation of heavy metals, it is crucial to have a thorough
understanding of interactions between the host plant-Rhizobium-AM fungi relationship with the heavy metals. In future,
along term research vision should include the use of sewage waste that build on a thorough understanding of sewage
sludge properties and its appropriate doses along with their interactions with soil micro-organisms when utilized in
agriculture.

@ Discover



Discover Plants (2025) 2:103 | https://doi.org/10.1007/544372-025-00192-6
Review

Acknowledgements The authors are grateful to the Department of Botany of Aligarh Muslim University for providing laboratory space and
encouragement throughout the work.

Author contribution All the authors made a substantial contribution to the concept or design of the article. The first draft of the manuscript
was written by [Mudassara Hasan] and [Fauzia Naushin]. [Fareed Ahmad Khan] revised the manuscript to the present form. All the authors
have read and approved the final manuscript.

Funding No funding received.

Data availability No datasets were generated or analysed during the current study.

Declarations
Ethics approval and consent to participate Not applicable.
Consent for publication All the authors consent to participate and publish this review.

Competing interests The authors declare that they have no conflict of interests/competing interests to disclose.

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

References

1. Szczebyto A, Halicka E, Jackowska M, Rejman K. Analysis of the global pulses market and programs encouraging consumption of this
food. Zeszyty Naukowe SGGW w Warszawie-Problemy Rolnictwa Swiatowego. 2019;19:85-96.
2. Huebbe P, Rimbach G. Historical reflection of food processing and the role of legumes as part of a healthy balanced diet. Foods.
2020;9:1056.
3. Tsiknia M, Tsikou D, Papadopoulou KK, Ehaliotis C. Multi-species relationships in legume roots: from pairwise legume-symbiont interac-
tions to the plant-microbiome-soil continuum. FEMS Microbiol Ecol. 2021;97:fiaa22.
4. SuriVK, Choudhary AK. Fertilizer economy through vesicular Arbuscular Mycorrhizae fungi under soil-test crop response targeted yield
model in maize-wheat-maize crop sequence in Himalayan acid Alfisol. Commun Soil Sci Plant Anal. 2012;43:2735-43.
5. Grison CM, Jackson S, Merlot S, Dobson A, Grison C. Rhizobium metallidurans sp. Nov., a symbiotic heavy metal resistant bacterium
isolated from the Anthyllis vulneraria Zn-hyperaccumulator. Int J Syst Evol Microbiol. 2015;65:1525-30.
6. Mohamad R, Maynaud G, Le Quéré A, Vidal C, Klonowska A, Yashiro E, Cleyet-Marel JC, Brunel B. Ancient heavy metal contamination in
soils as a driver of tolerant Anthyllis vulneraria rhizobial communities. Appl Environ Microbiol. 2017;83:e01735-e1816.
7. Hao X, Taghavi S, Xie P, Orbach MJ, Alwathnani HA, Rensing C, Wei G. Phytoremediation of heavy and transition metals aided by legume-
rhizobia symbiosis. Int J Phytoremediation. 2014;16:179-202.
8. Singh KK, Ali M. Agronomy of chickpea. In: Ali, Masood Kumar Shiv, Singh NB, editors. Chickpea Research in India. Kanpur: Indian Institute
of Pulses Research; 2003.
9. Kamboj R, Nanda V. Proximate composition, nutritional profile and health benefits of legumes—a review. Legume Res. 2018;41:325-32.
10. Mahmood MT, Akhtar M, Cheema KL, Ghaffar A, Ali |, Khalid MJ, Ali Z. Genetic studies for detection of most diverse and high yielding
genotypes among chickpea (Cicer arientinum L.) germplasm. Pak J Agric Res. 2022;35:115.
11. Geraldo RA, Silva MND, Santos CS, Pinto E, Vasconcelos MW. Lentil (Lens culinaris L.) intraspecific nutritional variability and development
of a lentil-based snack. Encontro com a Ciéncia e Tecnologia em Portugal-Ciéncia. 2022;1-1.
12. Rochfort S, Vassiliadis S, Maharjan P, Brand J, Panozzo J. NMR based metabolomic analysis of health promoting phytochemicals in lentils.
Metabolites. 2019;9:168.
13. Shaher H, Naushin F, Hasan M, Bagyaraj DJ. Synergistic impact of Rhizobium and arbuscular mycorrhizal fungi on lentil plant tolerance
to heavy metal-rich fly ash amended soil. Discov Plants. 2024;1-9.
14. Amirnia R, Ghiyasi M, Siavash Moghaddam S, Rahimi A, Damalas CA, Heydarzadeh S. Nitrogen-fixing soil bacteria plus mycorrhizal fungi
improve seed yield and quality traits of lentil (Lens culinaris Medik). J Soil Sci Plant Nutr. 2019;19:592-602.
15. Havugimana E, Bhople BS, Byiringiro E, Mugabo JP. Role of dual inoculation of Rhizobium and arbuscular mycorrhizal (AM) fungi on
pulse crops production. Walailak J Sci Technol. 2016;13:1-7.
16. Khan A, Ding Z, Ishag M, Khan |, Ahmed AA, Khan AQ, Guo X. Applications of beneficial plant growth promoting rhizobacteria and
mycorrhizae in rhizosphere and plant growth: a review. Int J Agric Biol Eng. 2020;13:199-208.

@ Discover


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

Review

Discover Plants (2025) 2:103 | https://doi.org/10.1007/544372-025-00192-6

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34,

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

YaseenT, Ali K, Munsif F, Rab A, Ahmad M, Israr M, Baraich K. Influence of arbuscular mycorrhizal fungi, Rhizobium inoculation and rock
phosphate on growth and quality of lentil. Pak J Bot. 2016;48:2101-7.

Wu FY, Bi YL, Wong MH. Dual inoculation with an arbuscular mycorrhizal fungus and Rhizobium to facilitate the growth of alfalfa on coal
mine substrates. J Plant Nutr. 2009;32:755-71.

Solaiman ARM, Rabbani MG, Hossain D, Hossain GMA, Alam MS. Influence of phosphorus and inoculation with Rhizobium and AM fungi
on growth and dry matter yield of chickpea. Bangladesh J Sci Res. 2012;25:23-32.

Zaidi A, Khan MS. Stimulatory effects of dual inoculation with phosphate solubilising microorganisms and arbuscular mycorrhizal fungus
on chickpea. Aust J Exp Agric. 2007;47:1016-22.

Shen D, Bisseling T. The evolutionary aspects of legume nitrogen-fixing nodule symbiosis. In: Symbiosis: cellular, molecular, medical
and evolutionary aspects. Cham: Springer; 2020. p. 387-408.

Abdiev A, Khaitov B, Toderich K, Park KW. Growth, nutrient uptake and yield parameters of chickpea (Cicer arietinum L.) enhance by
Rhizobium and Azotobacter inoculations in saline soil. J Plant Nutr. 2019;42:2703-14.

Joshi SR, Morris JW, Tfaily MM, Young RP, McNear DH. Low soil phosphorus availability triggers maize growth stage specific rhizosphere
processes leading to mineralization of organic P. Plant Soil. 2021;459:423-40.

Hasan M, Naushin F, Naikoo MI, Khan FA. Co-applications of Rhizobium and arbuscular mycorrhizal fungi synergistically alleviate heavy
metal uptake and toxicity in lentil plants (Lens culinaris Medik.) grown in sewage sludge amended soil. S Afr J Bot. 2024;165:349-66.
Goyal RK, Schmidt MA, Hynes MF. Molecular biology in the improvement of biological nitrogen fixation by rhizobia and extending the
scope to cereals. Microorganisms. 2021;9:125.

Zaheer MS, Raza MAS, Saleem MF, Khan IH, Ahmad S, Igbal R, Manevski K. Investigating the effect of Azospirillum brasilense and Rhizo-
bium pisi on agronomic traits of wheat (Triticum aestivum L.). Arch Agron Soil Sci. 2019;65:1554-64.

Lisa C, Alice C, Alessio M, Camilla F. Legume tasters: symbiotic rhizobia host preference and smart inoculant formulations. Biol Commun.
2021,66:47-54.

Gupta R, Bisaria VS, Sharma S. Response of rhizospheric bacterial communities of Cajanus cajan to application of bioinoculants and
chemical fertilizers: a comparative study. Eur J Soil Biol. 2016;75:107-14.

Soto MJ, Lépez-Lara IM, Geiger O, Romero-Puertas MC, Van Dillewijn P. Rhizobial volatiles: potential new players in the complex interk-
ingdom signaling with legumes. Front Plant Sci. 2021;12:1219.

Wang X, Ding T, Li Y, GuoY, LiY, Duan T. Dual inoculation of alfalfa (Medicago sativa L.) with Funnelliformis mosseae and Sinorhizobium
medicae can reduce Fusarium wilt. J Appl Microbiol. 2020;129:665-79.

Igiehon ON, Babalola OO. Rhizobium and mycorrhizal fungal species improved soybean yield under drought stress conditions. Curr
Microbiol. 2021;78:1615-27.

Stambulska UY, Bayliak MM. Legume-Rhizobium symbiosis: secondary metabolites, free radical processes, and effects of heavy metals.
Co-Evolution of Secondary Metabolites. 2020;291-322.

Brundrett MC, Tedersoo L. Evolutionary history of mycorrhizal symbioses and global host plant diversity. New Phytol. 2018;220:1108-15.
Hu'S, Chen Z, Vosatka M, Vymazal J. Arbuscular mycorrhizal fungi colonization and physiological functions toward wetland plants under
different water regimes. Sci Total Environ. 2020;716: 137040.

Xu Z, LvY, Fang M, Liu J, Zeng H, Ban Y. Diverse and abundant arbuscular mycorrhizal fungi in ecological floating beds used to treat
eutrophic water. Appl Microbiol Biotechnol. 2021;105:6959-75.

Bagyaraj DJ. Ecology of vesicular arbuscular mycorrhizae. Handb Appl Mycol. 1991;1:1-34.

Smith SE, Read DJ. Mineral nutrition, toxic element accumulation and water relations of arbuscular mycorrhizal plants. Mycorrhizal
Symbiosis. 2008;3:145-8.

Verzeaux J, Hirel B, Dubois F, Lea PJ, Tétu T. Agricultural practices to improve nitrogen use efficiency through the use of arbuscular mycor-
rhizae: basic and agronomic aspects. Plant Sci. 2017;264:48-56.

Wen Z, ChenY, Liu Z, Meng J. Biochar and arbuscular mycorrhizal fungi stimulate rice root growth strategy and soil nutrient availability.
Eur J Soil Biol. 2022;113: 103448.

Zhan F, Li B, Jiang M, Yue X, He Y, Xia Y, Wang Y. Arbuscular mycorrhizal fungi enhance antioxidant defense in the leaves and the retention
of heavy metals in the roots of maize. Environ Sci Pollut Res. 2018;25:24338-47.

Bitterlich M, Rouphael Y, Graefe J, Franken P. Arbuscular mycorrhizas: a promising component of plant production systems provided
favorable conditions for their growth. Front Plant Sci. 2018;9:1329.

Ingraffia R, Amato G, Frenda AS, Giambalvo D. Impacts of arbuscular mycorrhizal fungi on nutrient uptake, N2 fixation, N transfer, and
growth in a wheat/faba bean intercropping system. PLoS ONE. 2019;14: e0213672.

Plett JM, Kemppainen M, Kale SD, Kohler A, Legué V, Brun A, Tyler BM, Pardo AG, Martin F. A secreted effector protein of Laccaria bicolor
is required for symbiosis development. Curr Biol. 2011;21:1197-203.

Salvioli A, Zouari |, Chalot M, Bonfante P. The arbuscular mycorrhizal status has an impact on the transcriptome profile and amino acid
composition of tomato fruit. BMC Plant Biol. 2012;12:1-12.

Ferrol N, Azcén-Aguilar C, Pérez-Tienda J. Arbuscular mycorrhizas as key players in sustainable plant phosphorus acquisition: an overview
on the mechanisms involved. Plant Sci. 2019;280:441-7.

Kheyri Z, Moghaddam M, Farhadi N. Inoculation efficiency of different mycorrhizal species on growth, nutrient uptake, and antioxidant
capacity of Calendula officinalis L.: a comparative study. J Soil Sci Plant Nutr. 2022;22:1160-72.

Kuila D, Ghosh S. Aspects, problems and utilization of Arbuscular Mycorrhizal (AM) application as bio-fertilizer in sustainable agriculture.
Curr Res Microb Sci. 2022;3: 100107.

Martinez-Garcia LB, De Deyn GB, Pugnaire Fl, Kothamasi D, van der Heijden MG. Symbiotic soil fungi enhance ecosystem resilience to
climate change. Glob Chang Biol. 2017;23:5228-36.

Wahid F, Fahad S, Danish S, Adnan M, Yue Z, Saud S, Siddiqui MH, Brtnicky M, Hammerschmiedt T, Datta R. Sustainable management
with mycorrhizae and phosphate solubilizing bacteria for enhanced phosphorus uptake in calcareous soils. Agriculture. 2020;10:334.
Bagyaraj DJ. Interaction between arbuscular mycorrhizal fungi and the soil organisms and their role in sustainable agriculture. In: Trends
in soil microbial ecology. Houstan: Studium Press LLC; 2014. p. 257-80.

@ Discover



Discover Plants (2025) 2:103 | https://doi.org/10.1007/544372-025-00192-6

Review

51.

52.

53.

54,

55.
56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

Mitra D, Navendra U, Panneerselvam U, Ansuman S, Ganeshamurthy AN, Divya J. Role of mycorrhiza and its associated bacteria on plant
growth promotion and nutrient management in sustainable agriculture. Int J Life Sci Appl Sci. 2019;1:1-10.

Pierre MJ, Bhople BS, Kumar A, Erneste H, Emmanuel B, Singh YN. Contribution of arbuscular mycorrhizal fungi (AM fungi) and Rhizobium
inoculation on crop growth and chemical properties of rhizospheric soils in high plants. IOSR J Agric Vet Sci. 2014;7:45-55.

Dowarah B, Gill SS, Agarwala N. Arbuscular mycorrhizal fungi in conferring tolerance to biotic stresses in plants. J Plant Growth Regul.
2021;41:1429-44.

Yang C, Ellouze W, Navarro-Borrell A, Taheri AE, Klabi R, Dai M, Kabir Z, Hamel C. Management of the arbuscular mycorrhizal symbiosis in
sustainable crop production. In: Mycorrhizal fungi: use in sustainable agriculture and land restoration. Berlin: Springer; 2014. p. 89-118.
Mattoo AJ, Nonzom S. Endophytic fungi: understanding complex cross-talks. Symbiosis. 2021;83:237-64.

Mishra A, Bhattacharya A, Mishra N. Mycorrhizal symbiosis: an effective tool for metal bioremediation. In: New and future developments
in microbial biotechnology and bioengineering. Amsterdam: Elsevier; 2019. p. 113-28.

Bera K, Dutta P, Sadhukhan S. Plant responses under abiotic stress and mitigation options towards agricultural sustainability. In: Plant
stress: challenges and management in the new decade. Cham: Springer; 2022. p. 3-28.

Malhi GS, Kaur M, Kaushik P, Alyemeni MN, Alsahli AA, Ahmad P. Arbuscular mycorrhiza in combating abiotic stresses in vegetables: an
eco-friendly approach. Saudi J Biol Sci. 2021;28:1465-76.

Gupta MM, Abbott LK. Exploring economic assessment of the arbuscular mycorrhizal symbiosis. Symbiosis. 2021;83:143-52.

Zai XM, Fan JJ, Hao ZP, Liu XM, Zhang WX. Effect of co-inoculation with arbuscular mycorrhizal fungi and phosphate solubilizing fungi
on nutrient uptake and photosynthesis of beach palm under salt stress environment. Sci Rep. 2021;11:1-11.

Santander C, Ruiz A, Garcia S, Aroca R, Cumming J, Cornejo P. Efficiency of two arbuscular mycorrhizal fungal inocula to improve saline
stress tolerance in lettuce plants by changes of antioxidant defense mechanisms. J Sci Food Agric. 2020;100:1577-87.

Zou YN, Wu QS, Kuca K. Unravelling the role of arbuscular mycorrhizal fungi in mitigating the oxidative burst of plants under drought
stress. Plant Biol. 2021;23:50-7.

Ferrol N, Tamayo E, Vargas P. The heavy metal paradox in arbuscular mycorrhizas: from mechanisms to biotechnological applications. J
Exp Bot. 2016;22:6253-65.

Krishnamoorthy R, Venkatramanan V, Senthilkumar M, Anandham R, Kumutha K, Sa T. Management of heavy metal polluted soils:
perspective of arbuscular mycorrhizal fungi. In: Sustainable green technologies for environmental management. Singapore: Springer;
2019. p. 67-85.

Bano SA, Ashfaq D. Role of mycorrhiza to reduce heavy metal stress. Nat Sci. 2013;5:16-20.

Miransari M. Hyperaccumulators, arbuscular mycorrhizal fungi and stress of heavy metals. Biotechnol Adv. 2011;29:645-53.

Miransari M. Arbuscular mycorrhizal fungi and heavy metal tolerance in plants. In: Arbuscular mycorrhizas and stress tolerance of plants.
Singapore: Springer; 2017. p. 147-61.

Emamverdian A, Ding Y, Mokhberdoran F, Xie Y. Heavy metal stress and some mechanisms of plant defense response. Sci World J. 2015.
Rai PK, Lee SS, Zhang M, Tsang YF, Kim KH. Heavy metals in food crops: health risks, fate, mechanisms, and management. Environ Int.
2019;125:365-85.

Suman J, Uhlik O, Viktorova J, Macek T. Phytoextraction of heavy metals: a promising tool for clean-up of polluted environment? Front
Plant Sci. 2018;9:1476.

Gerhardt KE, Gerwing PD, Greenberg BM. Opinion: taking phytoremediation from proven technology to accepted practice. Plant Sci.
2017;256:170-85.

Hamzah A, Hapsari RI, Wisnubroto El. Phytoremediation of Cadmium-contaminated agricultural land using indigenous plants. Int J Agric
Environ Res. 2016;2:8-14.

Dar MI, Green ID, Naikoo MI, Khan FA, Ansari AA, Lone MI. Assessment of biotransfer and bioaccumulation of cadmium, lead and zinc
from fly ash amended soil in mustard-aphid-beetle food chain. Sci Tot Environ. 2017;584:1221-9.

Naikoo MI, Dar MI, Khan FA, Raghib F, Rajakaruna N. Trophic transfer and bioaccumulation of lead along soil-plant-aphid-ladybird food
chain. Environ Sci Pollut Res. 2019;26:23460-70.

Naikoo MI, Khan FA, Noureldeen A, Rinklebe J, Sonne C, Rajakaruna N, Ahmad P. Biotransfer, bioaccumulation and detoxification of nickel
along the soil-faba bean-aphid-ladybird food chain. Sci Total Environ. 2021,;785: 147226.

Morée AL, Beusen AHW, Bouwman AF, Willems WJ. Exploring global nitrogen and phosphorus flows in urban wastes during the twentieth
century. Glob Biogeochem Cycles. 2013;27:836-46.

Hasan M, Naushin F, Shaher H, Bagyaraj DJ. Influence of sewage sludge, Rhizobium and arbuscular mycorrhizal fungi on nutrient uptake,
growth, photosynthetic and biochemical attributes in Cicer arietinum L. Braz J Bot. 2023;46:1161-76.

Bahuguna A, Singh SK, Sharma S, Pandey A, Dadarwal BK, Yadav B, Barthwal A, Khatana RNS. Soil pollution due to sewage sludge and
industrial effluents. In: Soil health and environmental sustainability. Cham: Springer; 2022. p. 345-67.

Lee LH, Wu TY, Shak KPY, Lim SL, Ng KY, Nguyen MN, Teoh WH. Sustainable approach to biotransform industrial sludge into organic
fertilizer via vermicomposting: a mini-review. J Chem Technol Biotechnol. 2018;93:925-35.

Adar E, Karatop B, ince M, Bilgili MS. Comparison of methods for sustainable energy management with sewage sludge in Turkey based
on SWOT-FAHP analysis. Renew Sustain Energy Rev. 2016;62:429-40.

Min X, GeT, Li H, ShiY, Fang T, Sheng B, Li H, Dong X. Combining impregnation and co-pyrolysis to reduce the environmental risk of
biochar derived from sewage sludge. Chemosphere. 2022;290: 133371.

Alloway BJ, Jackson AP.The behaviour of heavy metals in sewage sludge-amended soils. Sci Total Environ. 1991;100:151-76.
Antoniadis V, Tsadilas CD, Samaras V, Sgouras J. Availability of heavy metals applied to soil through sewage sludge. Trace Elem Environ.
2005;39-61.

Kamyotra JS, Bhardwaj RM. Municipal wastewater management in India. In: India infrastructure report. New Delhi: Oxford University
Press; 2011. p. 299-311.

Latare AM, Kumar O, Singh SK, Gupta A. Direct and residual effect of sewage sludge on yield, heavy metals content and soil fertility
under rice—wheat system. Ecol Eng. 2014;69:17-24.

Singh RP, Agrawal M. Potential benefits and risks of land application of sewage sludge. Waste Manag. 2008;28:347-58.

@ Discover



Review

Discover Plants (2025) 2:103 | https://doi.org/10.1007/544372-025-00192-6

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.

107.
108.

109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.

122.

Pathak A, Dastidar MG, Sreekrishnan TR. Bioleaching of heavy metals from sewage sludge: a review. J Environ Manag. 2009;90:2343-53.
Eid EM, Alrumman SA, El-Bebany AF, Fawy KF, Taher MA, Hesham AEL, El-Shaboury GA, Ahmed MT. The evaluation of sewage sludge
application as a fertilizer for broad bean (Faba sativa Bernh.) crops. Food Energy Secur. 2018;7:e00142.

Eid EM, Alrumman SA, El-Bebany AF, Hesham AEL, Taher MA, Fawy KF. The effects of different sewage sludge amendment rates on
the heavy metal bioaccumulation, growth and biomass of cucumbers (Cucumis sativus L.). Environ Sci Pollut Res. 2017;24:16371-82.
Grotto D, Batista BL, Souza JM, Carneiro MF, Dos Santos D, Melo WJ, Barbosa F. Essential and nonessential element translocation in
corn cultivated under sewage sludge application and associated health risk. Water Air Soil Pollut. 2015;226:1-10.

Rehman RA, Rizwan M, Qayyum MF, Ali S, Zia-ur-Rehman M, Zafar-ul-Hye M, Hafeez F, Igbal MF. Efficiency of various sewage sludges
and their biochars in improving selected soil properties and growth of wheat (Triticum aestivum). J Environ Manag. 2018;223:607-13.
Singh RP, Agrawal M. Effect of different sewage sludge applications on growth and yield of Vigna radiata L. field crop: metal uptake
by plant. Ecol Eng. 2010;36:969-72.

Hasan M, Naushin F. Potentials of co-inoculation of microbial organisms and sewage sludge on growth of a pulse crop and microbial
population. Res J Agric Sci. 2022;13:1046-50.

Jahan U, Kafeel U, Naikoo M, Kaifiyan M, Hasan M, Khan FA. Trophic transfer, bioaccumulation, and detoxification of lead and zinc
via sewage sludge applied Soil-barley-aphid-ladybird food chain. Water Air Soil Pollut. 2023;234:508.

Singh RP, Agrawal M. Variations in heavy metal accumulation, growth and yield of rice plants grown at different sewage sludge
amendment rates. Ecotoxicol Environ Saf. 2010;73:632-41.

Bouzerzour H, Tamrabet L, Kribaa M. Response of barley and oat to the wastewater irrigation and to the sludge amendment. In: The
Proc. Int. Seminar: Biology and Environment (71). University Mentouri, Algeria. 2002.

Gu C, Bai Y, Tao T, Chen G, Shan Y. Effect of sewage sludge amendment on heavy metal uptake and yield of ryegrass seedling in a
mudflat soil. J Environ Qual. 2013;42:421-8.

Singh RP, Agrawal M. Biochemical and physiological responses of rice (Oryza sativa L.) grown on different sewage sludge amend-
ments rates. Bull Environ Contam Toxicol. 2010;84:606-12.

Mazen A, Faheed FA, Ahmed AF. Study of potential impacts of using sewage sludge in the amendment of desert reclaimed soil on
wheat and jews. Braz Arch Biol Technol. 2010;53:917-30.

Antonious GF, Dennis SO, Unrine JM, Snyder JC. Ascorbic acid, B-carotene, sugars, phenols, and heavy metals in sweet potatoes
grown in soil fertilized with municipal sewage sludge. J Environ Sci Health B. 2011;46:112-21.

Ahmed A, Mohammed M, Merga B. Effects of brewery waste sludge on haricot bean (Phaseolus vulgaris |.) productivity and soil
fertility. Cogent Food Agric. 2019;5:1667729.

Yamur M, Kaydan D, Arvas O. Effects of sewage biosolid application on seed protein ratios, seed NP contents, some morphological
and yield characters in Lentil (Lens culinaris Medic.). Res J Agric Biol Sci. 2005;1:308-14.

Singh RP, Agrawal M. Use of sewage sludge as fertilizer supplement for Abelmoschus esculentus plants: physiological, biochemical
and growth responses. Int J Environ Waste Manag. 2009;3:91-106.

Khan FA, Ghouse AKM. Root growth responses of Anagallis arvensis L. Primulaceae to air pollution. Environ Pollut. 1988;52:281-8.
Kowalska A, Grobelak A, Almas AR, Singh BR. Effect of biowastes on soil remediation, plant productivity and soil organic carbon
sequestration: a review. Energies. 2020;13:5813.

Wortmann CS. Sewage Sludge Utilization for Crop Production, Department of Agronomy and Horticulture, University of Nebraska-
Lincoln: Lincoln; 2005.

Cameron KC, Di HJ, McLaren RG. Is soil an appropriate dumping ground for our wastes? Soil Res. 1997;35:995-1036.

Siebielec G, Siebielec S, Lipski D. Long-term impact of sewage sludge, digestate and mineral fertilizers on plant yield and soil bio-
logical activity. J Clean Prod. 2018;187:372-9.

Singh RP, Agrawal M. Effects of sewage sludge amendment on heavy metal accumulation and consequent responses of Beta vulgaris
plants. Chemosphere. 2007;67:2229-40.

Jamil M, Qasim M, Umar M. Utilization of sewage sludge on organic fertilizer in sustainable agriculture. J Appl Sci. 2006;6:531-5.
Soon YK. Solubility and sorption of cadmium in soils amended with sewage sludge. J Soil Sci. 1981;32:85-95.

Veeken A, Nierop K, de Wilde V, Hamelers B. Characterisation of NaOH-extracted humic acids during composting of a biowaste.
Biores Technol. 2000;72:33-41.

Morera MT, Echeverria J, Garrido J. Bioavailability of heavy metals in soils amended with sewage sludge. Can J Soil Sci. 2002;82:433-8.
Hazra GC, Saha S, Saha BN, Dasgupta S. Influence of amendments on heavy metals accumulation in rice grown on sludge treated
soils. In: National seminar on developments in soil science, 79th annual convention of the Indian Society of Soil Science. Acharya
N.G. Ranga Agricultural University, India: Hyderabad; 2014. pp. 284.

Sharma B, Sarkar A, Singh P, Singh RP. Agricultural utilization of biosolids: a review on potential effects on soil and plant grown.
Waste Manag. 2017;64:117-32.

Banerjee MR, Burton DL, Depoe S. Impact of sewage sludge application on soil biological characteristics. Agric Ecosyst Environ.
1997;66:241-9.

Kizilkaya R, Bayrakl B. Effects of N-enriched sewage sludge on soil enzyme activities. Appl Soil Ecol. 2005;30:192-202.

Pan J, Yu L. Effects of Cd or/and Pb on soil enzyme activities and microbial community structure. Ecol Eng. 2011;37:1889-94.
Ramkumar MK, Preeti K, Varuna K, Shah MP, Kumar SS. Heavy metal pollution: an insight towards its infiltration, impact and remedia-
tion. In: Environmental microbiology and biotechnology. Singapore: Springer; 2020. p. 91-112.

Delibacak S, Voronina L, Morachevskaya E. Use of sewage sludge in agricultural soils: useful or harmful. Eurasian J Soil Sci.
2020;9:126-39.

Dar MI, Khan FA, Green ID, Naikoo MI. The transfer and fate of Pb from sewage sludge amended soil in a multi-trophic food chain: a
comparison with the labile elements Cd and Zn. Environ Sci Pollut Res. 2015;22:16133-42.

Dar M, Naikoo MI, Khan FA, Green ID. Assessing the feasibility of sewage sludge applications for the cultivation of Brassica juncea
L.: metal accumulation, growth, biochemical and yield responses. Environ Sci Renew Resour. 2018;1.

@ Discover



Discover Plants (2025) 2:103 | https://doi.org/10.1007/544372-025-00192-6

Review

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.
136.

137.

138.

139.

140.

141.

142.

143.
144.

145.

146.

147.
148.

149.
150.

151.

152.

153.

154,

155.

156.

Clarke R, Peyton D, Healy MG, Fenton O, Cummins E. A quantitative risk assessment for metals in surface water following the applica-
tion of biosolids to grassland. Sci Total Environ. 2016;566:102-12.

Eid EM, El-Bebany AF, Taher MA, Alrumman SA, Galal TM, Shaltout KH, Sewelam NA, Ahmed MT. Heavy metal bioaccumulation,
growth characteristics, and yield of Pisum sativum L. grown in agricultural soil-sewage sludge mixtures. Plants. 2020;9:1300.
Moretti SML, Bertoncini El, Vitti AC, Alleoni LRF, Abreu-Junior CH. Concentration of Cu, Zn, Cr, Ni, Cd, and Pb in soil, sugarcane leaf
and juice: residual effect of sewage sludge and organic compost application. Environ Monit Assess. 2016;188:1-12.

Wani PA, Khan MS, Zaidi A. Impact of heavy metal toxicity on plant growth, symbiosis, seed yield and nitrogen and metal uptake in
chickpea. Aust J Exp Agric. 2007;47:712-20.

Omar EH, El-Aziz A, Ragab MM, Saied MM. Response of chickpea and maize crops plants grown in a clayey soil to surface and sub-
surface drip irrigation, biosolid and mineral NPK fertilizers. J Soil Sci Agric Eng. 2008;33:4651-61.

Chen WM, Wu CH, James EK, Chang JS. Metal biosorption capability of Cupriavidus taiwanensis and its effects on heavy metal
removal by nodulated Mimosa pudica. J Hazard Mater. 2008;151:364-71.

El Aafi N, Saidi N, Maltouf AF, Perez-Palacios P, Dary M, Brhada F, Pajuelo E. Prospecting metal-tolerant rhizobia for phytoremediation
of mining soils from Morocco using Anthyllis vulneraria L. Environ Sci Pollut Res. 2015;22:4500-12.

Maynaud G, Willems A, Soussou S, Vidal C, Mauré L, Moulin L, Cleyet-Marel JC, Brunel B. Molecular and phenotypic characterization
of strains nodulating Anthyllis vulneraria in mine tailings, and proposal of Aminobacter anthyllidis sp. nov., the first definition of
Aminobacter as legume-nodulating bacteria. Syst Appl Microbiol. 2012;35:65-72.

Sujkowska-Rybkowska M, Wazny R. Metal resistant rhizobia and ultrastructure of Anthyllis vulneraria nodules from zinc and lead
contaminated tailing in Poland. Int J Phytoremediation. 2018;20:709-20.

Saadani O, Fatnassi IC, Chiboub M, Abdelkrim S, Barhoumi F, Jebara M, Jebara SH. In situ phytostabilisation capacity of three legumes and
their associated Plant Growth Promoting Bacteria (PGPBs) in mine tailings of northern Tunisia. Ecotoxicol Environ Saf. 2016;130:263-9.
Teng Y, Wang X, Li L, Li Z, Luo Y. Rhizobia and their bio-partners as novel drivers for functional remediation in contaminated soils.
Front Plant Sci. 2015;6:32.

Lavres J, Castro Franco G, de Sousa Camara GM. Soybean seed treatment with nickel improves biological nitrogen fixation and
urease activity. Front Environ Sci. 2016;4:37.

Joner EJ, Briones R, Leyval C. Metal-binding capacity of arbuscular mycorrhizal mycelium. Plant Soil. 2000;226:227-34.

Joner EJ, Ravnskov S, Jakobsen I. Arbuscular mycorrhizal phosphate transport under monoxenic conditions using radio-labelled
inorganic and organic phosphate. Biotechnol Lett. 2000;22:1705-8.

Rollon RJC, Galleros JEV, Galos GR, Villasica LJD, Garcia CM. Growth and nutrient uptake of Paraserianthes falcataria (L.) as affected by
carbonized rice hull and arbuscular mycorrhizal fungi grown in an artificially copper contaminated soil. Adv Agric Bot. 2017;9:57-67.
Upadhyaya H, Panda SK, Bhattacharjee MK, Dutta S. Role of arbuscular mycorrhiza in heavy metal tolerance in plants: prospects for
phytoremidiation. J Phytol. 2010;2.

Konieczny A, Kowalska I. The role of arbuscular mycorrhiza in zinc uptake by lettuce grown at two phosphorus levels in the substrate.
Agric Food Sci. 2016;25:124-37.

Marques AP, Rangel AO, Castro PM. Remediation of heavy metal contaminated soils: phytoremediation as a potentially promising
clean-up technology. Crit Rev Environ Sci Technol. 2009;39:622-54.

Thakur S, Singh L, Wahid ZA, Siddiqui MF, Atnaw SM, Din MFM. Plant-driven removal of heavy metals from soil: uptake, translocation,
tolerance mechanism, challenges, and future perspectives. Environ Monit Assess. 2016;188:1-11.

Hosman ME, El-Feky SS, Elshahawy MI, Shaker EM. Mechanism of phytoremediation potential of flax (Linum usitatissimum L.) to Pb,
Cd and Zn. Asian J Plant Sci Res. 2017;7:30-40.

Ali H, Khan E, Sajad MA. Phytoremediation of heavy metals-concepts and applications. Chemosphere. 2013;91:869-81.

Sarwar N, Imran M, Shaheen MR, Ishaque W, Kamran MA, Matloob A, Rehim A, Hussain S. Phytoremediation strategies for soils
contaminated with heavy metals: modifications and future perspectives. Chemosphere. 2017;171:710-21.

Sharma S, Singh B, Manchanda VK. Phytoremediation: role of terrestrial plants and aquatic macrophytes in the remediation of
radionuclides and heavy metal contaminated soil and water. Environ Sci Pollut Res. 2015;22:946-62.

Vacheron J, Desbrosses G, Bouffaud ML, Touraine B, Moénne-Loccoz Y, Muller D, Legendre L, Wisniewski-Dyé F, Prigent-Combaret
C. Plant growth-promoting rhizobacteria and root system functioning. Front Plant Sci. 2013;4:356.

Chibuike GU, Obiora SC. Heavy metal polluted soils: effect on plants and bioremediation methods. Appl Environ Soil Sci. 2014;1-12.
Khan N, Bano A. Rhizobacteria and abiotic stress management. In: Plant growth promoting rhizobacteria for sustainable stress
management. Singapore: Springer; 2019. p. 65-80.

Li HY, Wei DQ, Shen M, Zhou ZP. Endophytes and their role in phytoremediation. Fungal Divers. 2012;54:11-8.

Zhang Y, Hu J, Bai J, Qin H, Wang J, Wang J, Lin X. Intercropping with sunflower and inoculation with arbuscular mycorrhizal fungi
promotes growth of garlic chive in metal-contaminated soil at a WEEE-recycling site. Ecotoxicol Environ Saf. 2019;167:376-84.
Cabral L, Soares CRFS, Giachini AJ, Siqueira JO. Arbuscular mycorrhizal fungi in phytoremediation of contaminated areas by trace
elements: mechanisms and major benefits of their applications. World J Microbiol Biotechnol. 2015;31:1655-64.

Sheikh-Assadi M, Khandan-Mirkohi A, Alemardan A, Moreno-Jiménez E. Mycorrhizal Limonium sinuatum (L.) mill. enhances accu-
mulation of lead and cadmium. Int J Phytoremediation. 2015;17:556-62.

Al-Ghamdi AA, Jais HM. Interaction between arbuscular mycorrhiza and heavy metals in the rhizosphere and roots of Juniperus
procera. Int J Agric Biol. 2012;14:69-74.

de Andrade SAL, da Silveira APD. Mycorrhiza influence on maize development under Cd stress and P supply. Braz J Plant Physiol.
2008;20:39-50.

Wang F, Lin X, Yin R. Heavy metal uptake by arbuscular mycorrhizas of Elsholtzia splendens and the potential for phytoremediation
of contaminated soil. Plant Soil. 2005;269:225-32.

Abdelhameed RE, Metwally RA. Alleviation of cadmium stress by arbuscular mycorrhizal symbiosis. Int J Phytoremediation.
2019;21:663-71.

@ Discover



Review
Discover Plants (2025) 2:103 | https://doi.org/10.1007/544372-025-00192-6

157. SharmaV, Parmar P, Kumari N. Differential cadmium stress tolerance in wheat genotypes under mycorrhizal association. J Plant Nutr.
2016;39:2025-36.

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

@ Discover



	Soil symbionts in alleviation of heavy metals-laden sewage sludge-impacts in legumes: implications for phytoremediation
	Abstract
	1 Introduction
	2 Symbiosis of microbial organisms in leguminous crops
	2.1 Rhizobium
	2.2 Arbuscular mycorrhizal (AM) fungi
	2.2.1 AM fungi as natural biofertilizers
	2.2.2 AM fungi and plant stress tolerance


	3 Heavy metals in environment
	3.1 Sewage sludge
	3.1.1 Major constituents
	3.1.2 Major effect on plants
	3.1.3 Major effect on soil
	3.1.3.1 Physical properties 
	3.1.3.2 Chemical properties 
	3.1.3.3 Biological properties 

	3.1.4 Occurrence of heavy metals in sewage sludge and its impact on health and productivity


	4 Microbes and plants-heavy metal interaction
	5 Implication for phytoremediation
	6 Conclusions and future prospects
	Acknowledgements 
	References


