Role of Nanoparticles in Perturbation of Soil Microbial Communities
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Abstract

Agriculture faces numerous challenges, including reduced crop yield, nutrient deficiencies, and decreased soil organic content. Conventional fertilizers are applied to address these issues, but their nutrient release often does not align with the plant's needs, resulting in low nutrient use efficiency [1, 2]. Nanotechnology offers a promising solution through the development of nanoparticles (NPs) and nanodevices for agricultural applications. Nanofertilizers release nutrients in a controlled manner, leading to higher crop growth and reduced nutrient loss compared to chemical fertilizers [3]. However, the introduction of NPs into soil raises concerns about their impact on microbial communities and soil properties. NPs can interact positively and negatively with plants and rhizospheric communities, affecting soil properties and the environment [4, 5]. The presence of NPs in soil can lead to hazardous environmental effects and may alter soil microflora through toxicities or changes in toxin bioavailability. Microbial communities play a critical role in agricultural productivity, and understanding the impact of NPs on beneficial bacteria is crucial. NPs can induce ROS production, leading to cell damage and microbial biomass reduction [6]. Comprehensive technology, public awareness, and integrated legislation are essential for regulating NPs and preventing their toxicity [7]. In conclusion, NPs offer significant agricultural improvements, but their potential adverse effects on the environment and microbial communities should be considered. Implementing sustainable soil management practices and evaluating NP fate through modern approaches can help minimize environmental damage and promote responsible nanofertilizer use in agriculture.
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Introduction

Agriculture globally faces various challenges, including reduced crop yield, diminished nutrient absorption, decreased soil organic content, and multi-nutrient deficiencies. To address these deficiencies, fertilizers are supplemented to enhance crop production and fulfill the plant's nutrient requirements. However, the release of nutrients from fertilizers should align with the plant's needs. Unfortunately, the actual amount of nutrients reaching the crop's target site is often insufficient due to factors like leaching, hydrolysis, photolysis, decomposition, insolubility in soil, or immobilization by microorganisms [2]. It resulted in low efficiency, as evident from the low nutrient use efficiency (NUE) of nitrogen, phosphorus, and potassium, as NUE values for these macronutrients are approximately 30-35%, 18-20%, and 35-40%, respectively [1]. Consequently, a significant portion of applied fertilizers remains inaccessible [2].
The field of nanotechnology is being explored as a new source of key improvements in the agricultural sector as it enables the development of nanoparticles (NPs) and nanodevices for applications in plant biotechnology and agriculture [8]. NPs release nutrients in a controlled manner, reducing loss and improving crop growth and requires in lower nutrient quantities as compared to chemical fertilizers [3]. Slow-release nano-fertilizers increase grain yield and minimize nutrient leaching. Nano urea-hydroxyapatite (HA) binds strongly to urea, extending release time by ~12 times while releasing nitrogen over 60 days, while commercial fertilizers do so in four days [9]. Nanofertilizers enhance plant biomass, yield, and essential amino acid production [3]. The supplementation of NPs into soils for eventually ends up raising concerns against microbial communities. The NPs possess positive and negative associations with plants and rhizospheric communities. It is quite evident that NPs within the soil can go belowground to hamper soil properties and cause hazardous effect on the environment [4, 5]. They have been known to cause colossal hindrances towards soil microflora either through toxicities or altering the bioavailability of toxins [8, 10].
Soil microorganisms play a crucial role in agricultural productivity by recycling elements, decomposing organic matter, and directly promoting plant growth through various mechanisms. They also indirectly enhance plant growth by suppressing plant pathogens and commonly used as soil inoculants to boost agricultural. Therefore, understanding the impact of engineered nanoparticles on these beneficial bacteria is essential [4,5]. The impact of nanoparticles on microorganisms in soil and other environmental niches needs further investigation, considering their wide range of applications. Changes in bacterial community structure indicate that nanoparticles can potentially modify soil microbiomes. However, the specific effects are influenced by the composition of the nanoparticles, emphasizing the need to assess the environmental impacts of different nanoparticle formulations. Therefore, it is crucial to understand how NPs affect crop performance and evaluate the diversity of soil bacterial communities when exposed to specific metal oxide nanoparticles. This chapter provide insight on the fate and behaviour of NPs within soils


Source of nanoparticles in agriculture

NPs are ubiquitous entities and can originate from natural or human sources. NPs in the air are called ultrafine particles, while those in water and soil are colloids with varying sizes. Naturally occurring NPs have been present since the earth's formation and are found extensively in the atmosphere, oceans, soil, water, and living organisms. Out of all ecosystems (soil, water and air), soil is believed to receive the highest levels of NPs from various sources, including engineered NPs introduced through sewage and faulty agricultural practices [10]. Understanding the impact of NPs on soil enzymatic activities and the environment is crucial. 

In agriculture, nanofertilizers are a significant source of NPs, offering a promising approach to enhance productivity. Nanotechnology has the potential to genetically improve plants and drugs at the cellular level, while increasing the efficiency of conventional fertilizers [3]. Nanofertilizers with their large surface area can release nutrients slowly, matching crop requirements and improving nutrient uptake efficiency by threefold [11], thereby reducing water pollution [3]. Silver and zinc oxide NPs have been reported to exhibit anti-phytopathogenic activity, enhance seed germination, and promote plant growth. With zinc-deficient soils in India, nanoparticulate zinc formulations can be utilized [12].

NPs can potentially impact the physicochemical properties of soil and microbial metabolic activities in rhizospheric soils. However, the small size and mobility of NPs (10 nm) can lead to unintended cellular effects and potential toxicity when taken up by soil organisms [4]. The form and concentration of NPs play a crucial role in determining their transport, bioavailability, toxicity, and ecological impact. Hence, examining the role of nanoscale contaminants is important in current and future pollution scenarios in soil and aquatic ecosystems [5, 13]. NPs can significantly impede soil microflora through direct toxicity or by altering toxin bioavailability, and they can also indirectly disrupt organic compound synthesis and create antagonistic interactions. Various factors, such as physicochemistry, concentration, time, and growth medium, influence the impact of NPs on microbial communities [8, 10].

Effect of nanoparticles on soil microbe

When NPs are applied to soil, they can persist in sediment for an extended period, and their interaction with soil and metal ion release is influenced by soil properties and the aging process [5]. Water present in the soil can dissolve NPs, resulting in increased bioavailability and uptake of the released metal ions. The dissolution of NPs is influenced by factors such as soil type, texture, physicochemical properties, and mode of application. Consequently, the soil microbiome is exposed to emerging contaminants like metal-engineered nanoparticles, which can affect enzymes and microorganisms involved in soil processes. Enzymes and microorganisms involved in soil processes can be affected by NPs, leading to reduced microbial activity [8, 9].
Application of zero-valent NPs (nZVI) with straw amendment has been found to reduce microbial biomass, indicating bactericidal effects on microbial functional groups [14]. Oxidation of nZVI can result in the production of reactive oxygen species [ROS] in living cells, leading to membrane disruption, leakage of intracellular materials, and impairment of biochemical processes, ultimately causing cell death [Figure 1]. The accumulation of ROS due to NPs can reduce crop productivity by affecting seed germination and root elongation, potentially posing risks to human health [6, 8]. Nanomaterials such as CuO and Fe3O4 have been shown to alter soil microbial populations and their toxicity is related to their solubility and bioavailability [15]. The presence of ZnO NPs has been found to decrease extractable soil DNA and the activities of soil protease, catalase, and peroxidase [16]. The application of single-walled carbon nanotubes (SWCNTs) in soil has been shown to decrease the activities of various enzymes involved in organic matter degradation, potentially due to the generation of ROS and physical damage to microbial cells [8, 17]. C60 fullerenes have been found to decrease the number of fast-growing bacteria in soil, while respiration and microbial biomass were unaffected [18].
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Figure 1. The possible ways of damaging the bacterial cell by NPs.

Studies have shown that the introduction of CuO NPs in water-logged paddy soils caused a decline in microbial biomass, and ZnO, TiO2, CeO2, and Fe3O4 NPs have been found to alter soil bacteria and nitrogen fixation processes [19]. ZnO and CeO2 NPs can reduce the abundance of specific bacteria involved in phosphorus and potassium solubilization, as well as negatively affecting their enzyme activities [19]. The toxic effects of ZnO NPs on the ammonification process in soil have been observed, with time-dependent and dose-dependent responses, particularly in acidic soils [20]. Furthermore, concentration levels of NPs have a critical role in microbial interactions. It has been speculated that NPs-toxicity on soil microbes is directly proportional to their low concentration levels as assessed on mycorrhizal fungi, tomato and maize plant-interactions in response to ZnONPs [21].
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It is intricate to deduce the toxicity of NPs within the ecosystem, subsequently. Due to inadequate detection and monitoring devices, NP-interaction within the environment was neglected, but now various tools elucidating the fate of NPs in the environment are being focused. Different biomarkers are useful for tracking NPs within the environment. Therefore, serve as the most crucial biological assessment tool. In addition, an idea of permeable-ion barriers has also been formulated to arrest NPs [22]. A complete form of advanced and comprehensive technology comprising of public awareness and integrated legislation is a substantial and proactive approach to regulate the intricacy of NPs to prevent their toxicity [7]. Further, to consider ecotoxicology and NP fate within the environment, development of various regulatory actions and environmental testing and monitoring would provide validated results [23]. Therefore, these assessments are required to be modulated with contemporary approaches to give accurate results to avert NP-mediated environmental damage.

The toxicity of NPs in the ecosystem is complex, but advancements in detection and monitoring tools have shed light on their fate in the environment. Biomarkers and permeable-ion barriers are valuable for tracking and containing NPs [22]. Comprehensive technology, public awareness, and integrated legislation are proactive approaches to regulate NPs and prevent their toxicity [7]. Regulatory actions, environmental testing, and monitoring are necessary for accurate assessment of ecotoxicology and NP fate [23]. These contemporary approaches are essential to mitigate NP-induced environmental damage.

Conclusions

NPs have the potential to stimulate plant growth and control pollution, but they also pose a serious threat to the environment and rhizospheric populations due to their accumulation potential. Due to their dual actions, it is crucial to gather valuable information about NPs and their impact on biological interactions in the soil. The extensive production and persistence of nano-products in the soil ecosystem have disrupted beneficial microflora and soil components. The unique properties of NPs, such as surface charges, size, area, and reactivity, hinder positive interactions among soil, plants, and microbes. The proliferation of NPs in the soil can negatively affect microflora, leading to toxicity, accumulation, and resistance mechanisms. To address these challenges, it is crucial to gather valuable information about NPs and their impact on the soil ecosystem. Regulatory actions, environmental testing, and monitoring are essential for accurately assessing the ecotoxicology and fate of NPs. By implementing contemporary approaches, we can mitigate the potential environmental damage caused by NPs and safeguard the long-term health of our ecosystems. It is crucial to prioritize sustainable practices and responsible use of NPs to strike a balance between their benefits and potential risks.



References
[1]  A. Husen, and M. Iqbal, “Nanomaterials and Plant Potential”; Springer: Cham, Switzerland, 2019.
[2] M.S. Johnson, S. Sajeev, R.S. Nair, “Role of Nanosensors in agriculture. 2021 International Conference on Computational Intelligence and Knowledge Economy (ICCIKE)” March 17–18, 2021.
[3] B.B. Beig, M.B.K. Niazi, F. Sher, Z. Jahan, U.S. Malik, M.D. Khan, J.H.P. Americo‑Pinheiro and D.N. Vo, “Nanotechnology‑based controlled release of sustainable fertilizers. A review. Environmental Chemistry Letters” 20:2709–2726 , 2022.
[4] S. Eduok, B. Martin, R. Villa, A. Nocker, B. Jefferson and F. Coulon, “Evaluation of engineered nanoparticle toxic effect on wastewater microorganisms: current status and challenges” Ecotoxicol. Environ. Saf. 95, 1–9, 2013.
[5] S.T. Khan, S.F. Adil, M.R. Shaik, H.Z. Alkhathlan and M. Khan, “Engineered Nanomaterials in Soil: Their Impact on Soil Microbiome and Plant Health” Plants,11, 109, 2022.
[6] F. Ameen, K. Alsamhary, J. A. Alabdullatif, and S. ALNadhari, “A review on metal-based nanoparticles and their toxicity to beneficial soil bacteria and fungi” Ecotoxicol. Environ. Saf., 213, 112027, 2021.
[7] J. Wang, J.D. Gerlach, N. Savage, G.P. Cobb, “Necessity and approach to integrated nanomaterial legislation and governance” Sci. Total Environ. 442, 56–62, 2013.
[8] V. D. Rajput, T. Minkina, S. Sushkova, V. Tsitsuashvili, S. Mandzhieva, A. Gorovtsov, D. Nevidomskyaya, and N. Gromakova, “Effect of nanoparticles on crops and soil microbial communities. Journal of Soils and Sediments” 18(6), 2179–2187, 2017.
[9] N. Kottegoda, C. Sandaruwan, G. Priyadarshana, A. Siriwardhana, U.A. Rathnayake, D.M. Berugoda Arachchige, A.R. Kumarasinghe, D. Dahanayake, V. Karunaratne, and G.A.J. Amaratunga, “Urea-Hydroxyapatite Nanohybrids for Slow Release of Nitrogen. ACS Nano,” 11(2), 1214–1221, 2017.
[10] K. Khanna, S.K. Kohli, N. Handa, H. Kaur, P. Ohri, R. Bhardwaj, B. Yousaf, J. Rinklebe, and P. Ahmad, “Enthralling the impact of engineered nanoparticles on soil microbiome: A concentric approach towards environmental risks and cogitation” Ecotox. Environ.Safe., 222, 112459, 2021.
[11] J.S. Duhan, R. Kumara, N. Kumara, P. Kaura, K. Nehrab and S. Duhan. “Nanotechnology: The new perspective in precision agriculture”. Biotech. Reports 15, 11–23, 2017.
[12] R. Nair, S.H. Varghese, B.G. Nair, T. Maekawa, Y. Yoshida and D.S. Kumar, “Nanoparticulate material delivery to plants,” Plant Sci 179:154–163, 2010.
[13] Z. Yang, J. Chen, R. Dou, X. Gao, C. Mao and L. Wang, :Assessment of the phytotoxicity of metal oxide nanoparticles on two crop plants, maize (Zea mays L.) and rice (Oryza sativa L.)” Int J Environ Res Public Health 12:15100–15109, 2015.
[14] M. Pawlett, K. Ritz, R.A. Dorey, S. Rocks, J. Ramsden and J.A. Harris,  “The impact of zero-valent iron nanoparticles upon soil microbial communities is context dependent” Environ. Sci. Pollution Research 20, 1041–1049, 2013.
[15] C. Fajardo, L.T. Ortíz, M.L. Rodríguez-Membibre, M. Nande, M.C. Lobo and M. Martin,  “Assessing the impact of zero-valent iron (ZVI) nanotechnology on soil microbial structure and functionality: A molecular approach” Chemosphere 86, 802–808, 2012.
[16] Y. Ge, J.P. Schimel and P.A. Holden, “Evidence for negative effects of TiO2 and ZnO nanoparticles on soil bacterial communities” Environ. Sci.  Tech. 45(4), 1659–1664, 2011.
[17] L. Jin, Y. Son, J.L. DeForest, Y.J. Kang, W. Kim and H. Chung,  “Single walled carbon nanotubes alter soil microbial community composition” Science of the Total Environment 446, 533–538, 2014.
[18] A. Johansen, A.L. Pedersen, K.A. Jensen, U. Karlson, B.M. Hansen, J.J. Scott‐ Fordsmand and A.Winding, “Effects of C60 fullerene nanoparticles on soil bacteria and protozoans” Environ. Toxicol. Chem. 27, 1895–1903, 2008.
[19] H. Chai, J. Yao, J. Sun, C. Zhang, W. Liu, M. Zhu and B. Ceccanti, “The effect of metal oxide nanoparticles on functional bacteria and metabolic profiles in agricultural soil” Bull. Environ. Contam. Toxicol. 94 (4), 490–495, 2015.
[20] D. Kühnel and C. Nickel, “The OECD expert meeting on ecotoxicology and environmental fate—Towards the development of improved OECD guidelines for the testing of nanomaterials” Sci. Total Environ. 472, 347–353, 2014.
[21] F. Wang, X. Liu, Z. Shi, R. Tong, C.A. Adams and X. Shi, “Arbuscular mycorrhizae alleviate negative effects of zinc oxide nanoparticle and zinc accumulation in maize plants–a soil microcosm experiment” Chemosphere 147, 88–97, 2016.
[22] S.S. Patil, U.U. Shedbalkar, A. Truskewycz, B.A. Chopade and A.S. Ball, “Nanoparticles for environmental clean-up: a review of potential risks and emerging solutions” Environ. Technol. Innov. 5, 10–21, 2016.
[23] Z. Shen, Z. Chen, Z. Hou, T. Li and X. Lu, “Ecotoxicological effect of zinc oxide nanoparticles on soil microorganisms” Front. Environ. Sci. Eng. 9 (5), 912–918, 2015.

image1.png
Final Agriculture globally faces various challenges - Word

Insett  Daw  Design layout References Maings Review View Help Q) Tellmewhatyouwanttodo
% Cut - HFind -
e - .4
ﬁ% TimesNewRoma -8 | A" A" A2~ & AaBbCcDe | AsBbecde AaBbC( AssbCel AQB assoceoe | o, o
Paste N v 3 - 4 v lormal lo Spac. leading leading itle: ubtitle |5 o
e et e | B 1 W x A ¥ A o e
Gipboard sl Font sl Parsgraph sl syies 5l edting ~

Dinesd 2012
Format Text Effects ~ X

A B

> Shadow,
> Reflection
> Glow

> Soft Edges
> 3D Format

NOS Production
Damage DNA

Disruption of membrane
Affect translocation and

X

transformation process
5. Interruption of ETS

Pagesors totworss [F  Engieh (nai) G Accessvity Investgate

H P Type here to search





