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Editorial on the Research Topic

Emerging contaminants and their effect on agricultural crops
Introduction

Agriculture is a primary source of food for global population, and just three staple cereals

(rice, maize, and wheat) provide nearly half of the world’s food calories and also helps in

ensuring global food security (Grote et al., 2021; Erenstein et al., 2022; FAO, 2023). Rapid

increase in global population, frequently changing global climatic conditions, COVID-19

outbreak significantly challenged the food production and pose serious threat to food

security. Over the years, urbanization, rapid industrialization, and luxurious use of

agrochemicals in modern agriculture accumulated many new contaminants in agricultural

system (Bayabil et al., 2022). Ever increasing global population and frequently changing

global climatic conditions in the era of war or war like global situation pose excessive burden

on global food production through the use of chemicals, high yielding crops and significant

intensification of agricultural land (Galanakis, 2023). Emerging contaminants (ECs) in

agriculture are substances that are not traditionally regulated but have been recently

identified/recognized as potential environmental pollutants such as nano- and

microplastics, Per- and polyfluoroalkyl substances (PFAS), endocrine-disrupting chemicals

(EDCs), antibiotics, hormones, pain relievers etc and becoming a concern due to their

potential adverse effects on crops, soil, water, and the environment. These contaminants can

originate from various sources, including agricultural practices (use of agrochemicals,

pesticides, and herbicides), industrial activities, personal care products, pharmaceuticals,

and urban runoff. In the modern era, to boost agri-production, new formulations of

pesticides/herbicides are continually developed to combat evolving pest and weed
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populations (Kilani-Morakchi et al., 2021; Rajak et al., 2023). Long

term use of contaminated irrigation water, fertilizers, pesticides, and

soil amendments leads to the accumulation of cadmium, lead, and

arsenic in agricultural soils and affecting the plant ecosystem health

significantly (Sun et al., 2021; Mohanty and Das, 2023; Rashid et al.,

2023). Additionally, the use of pharmaceuticals and veterinary drugs

in livestock farming can lead to the presence of residues in manure

and runoff water, potentially impacting aquatic ecosystems and soil

microorganisms, and the agricultural produce (Charuaud et al., 2019;

Khan and Barros, 2023; Nightingale et al., 2023). Moreover, it has

been realized that ECs like antibiotics, hormones and pain relievers

have the potential to accumulate in crops, exerting notable effects on

their growth, development, and ultimately, the diminished quality of

the products. For example, specific antibiotic exposure has been

found to disrupt the normal growth and development processes in

plants (Zhang et al., 2017; Li et al., 2023). EDCs may enter

agricultural systems through water sources or agricultural

chemicals, affecting reproductive and developmental processes in

crop plants and animals (Pridemore, 2021; Sharma et al., 2022;

Thacharodi et al., 2023). PFAS compounds contain at least one

aliphatic perfluorocarbon moiety and have also been detected in

soil and water near agricultural areas due to anthropogenic activities,

raising concerns about their impact on crops and the food chain (Adu

et al., 2023; Karamat et al., 2023; Nassazzi et al., 2023). Frequent

changes in global climate patterns and increased global trade have

facilitated the spread of new and more virulent plant pathogens, such

as bacteria and fungi, which have the potential to pose serious threat

to crop production (Singh et al., 2023).

Nano- and microplastics can impact soil structure and

potentially reduce water and nutrient retention in soil, affecting

crop growth (Jia et al., 2023; Zantis et al., 2023). Additionally,

microplastics can be accumulated by crops, raising concerns about

food safety and human health (Iqbal et al., 2023; Quilliam et al.,

2023). Both biotic and abiotic factors have been proven to influence

the ability of crop plants to uptake and accumulate ECs. Biotic

factors include plants’ genotype, physiological state, and soil fauna,

while abiotic factors include the chemical properties of ECs and

environmental perturbations. According to existing relevant

studies, the ability of crop plants to uptake and accumulate ECs

decreases in the order of leafy vegetables, root vegetables, cereals

and fodder crops, and fruit vegetables. However, further studies on

crop species are necessary, as ECs have the potential to disturb plant

physiological and molecular functions and significantly decrease

crop productivity. The presence of ECs in soil-plant systems

presents a challenge to agricultural sector. To address the

challenges posed by ECs in agriculture, ongoing research,

monitoring, and regulatory efforts are essential.

The Research Topic “Emerging contaminants and their effect

on agricultural crops” incorporated six original research articles.

This Research Topic brought forward the important findings about

emerging contaminants of global importance, climatic factors and

their impact on plants and environment. Sustainable agricultural

practices, improved waste management, and responsible chemical

use are also key strategies to mitigate the risks associated with these

contaminants. The major outcomes of the studies covered are

outlined below.
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Genotype and climatic factors impact
on rhizosphere soil properties of
Salvia miltiorrhiza

Frequently changing global climatic conditions with serious

fluctuations in temperature regimes (high, low or very low

temperature), uneven precipitation patterns leading to flooding or

drought conditions, high humidity, significant shift in sunshine

duration in winters and summers significantly regulate the plant

performance in general with heavy yield penalties and specifically

reduce the active ingredients and chemical composition in

medicinal plants (Zobayed et al., 2005; Manish, 2022; Patni et al.,

2022; Appiah et al., 2023; Shaban et al., 2023; Shrestha et al., 2023;

Theodoridis et al., 2023). The medicinal plant, Salvia miltiorrhiza

Bunge also known as Danshen, belongs to the plant family

Lamiaceae bears medicinal properties in traditional Chinese

system of medicine to cure Alzheimer’s disease, myocardial

infarction, and heart diseases including cerebrovascular diseases

in various parts of China (Miroddi et al., 2014; Ma et al., 2017; Cao

et al., 2018; Ren et al., 2019; Guo et al., 2020; Zhou et al., 2021; Li

et al., 2022). The root extract of Danshen contains chemical

constituents which can be divided into liposoluble tanshinones

(tanshinone I, tanshinone IIA (TsIIA), tanshinone IIB,

cryptotanshinone, and dihydrotanshinone I) and water-soluble

phenolics (salvianolic acids) (Ma et al., 2015; Deng et al., 2019;

Shi et al., 2019; Sun et al., 2019), Therefore, it becomes imperative to

investigate and understand the response of different genotypes of

Danshen under different climatic regimes.

He et al. conducted field experiments to evaluate the effect of six

genotypes and climatic factors on the biomass and morphological

attributes, level of active ingredients, physico-chemical properties of

rhizospheric soil, and microbial composition of S. miltiorrhiza at five

different cultivation locations Beijing, Anhui, Shandong, Shaanxi and

Sichuan, respectively. It has been noted that among six genotypes of

Danshen, DS993 proved most suitable genotype for production in

terms of growth attributes and active constituents in all the five

locations, whereas, DS993 and DS2000 showed promising results for

cultivation in Shandong province. Moreover, DS996 came out as

unsuitable for cultivation in any of the cultivation sites. The outcome

of their investigation allows the farmers to select most suitable

genotype for cultivation in the said locations for better productivity

and quality (doi: 10.3389/fpls.2023.1110860).
Nitrogen and phosphorus
nutrient cycling in temperate
meadow grasslands

Nitrogen (N) is an essential element which is taken up by plants

in the form of nitrate (NO3
-) and/or ammonium (NH4

+) and plays

crucial role in various plant processes and used for the biosynthesis

of important molecules like signal molecules, lipids, photosynthetic

pigments, secondary metabolites, photosynthesis and for the

formation of proteins and nucleic acids (Guan, 2017; Lee et al.,
frontiersin.org
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2020; Musacchio et al., 2020; Liu et al., 2022). Likewise, phosphorus

(P) is another vital nutrient usually taken up by the plants as

phosphate ions (PO4
3-) and plays a critical role in energy transfer,

cell division, and various metabolic processes (Du et al., 2020;

Lambers, 2022; Khan et al., 2023; Kumar et al., 2023; McDowell

et al., 2023). Both N and P are limiting factors for terrestrial

ecosystems and significantly affect the growth and development of

plants. Due to various anthropogenic activities and luxurious use of

N fertilizers in modern agriculture practices raised the concern due

to N deposition in the ecosystems leading to serious ecological

consequences (Sun et al., 2022). Excess N deposition in ecosystems

in quantities that exceed the N demand of plants leads to a

phenomenon known as N saturation which potentially disrupts

the nutrient cycling particularly affect the N and P balance in

ecosystems. Rather, excessive N can lead to a relative deficiency of P,

which may limit plant growth despite an abundance of N. Both N

and P biogeochemical dynamics are significantly important for the

regulation of terrestrial ecosystems (De Sisto et al., 2023).

Zhang et al. investigated the importance and mechanism of N

and P nutrient cycling leading to N deposition in temperate

meadow grasslands at Erguna forest-steppe ecoregion research

station, Hulunbeier and reported that deposition of N leads to

significant change in the structure and function of temperate

meadow steppe in terms of nutrient uptake and re-sorption,

decomposition of litter and, therefore, significantly affect the

nutrient cycling and biogeochemical cycle. They concluded that N

deposition significantly modulate the plant nutrient cycling which

affects the structure and function of grassland ecosystem (doi:

10.3389/fpls.2023.1140080).
SiK® fertilization mediated drought
resilience of chestnut

Silicon (Si) is the second-most abundant element in the Earth’s

crust, and naturally present in soil (Pooniyan et al., 2023). Si

primarily accumulates and strengthens the plant cell walls, thus

make them more resilient to various abiotic and biotic stresses (Arif

et al., 2021; Das et al., 2021; Ranjan et al., 2021; Wang et al., 2021;

Ahsan et al., 2023; Manivannan et al., 2023). It has also been

reported that Si fertilization potentially enhance the ability of plants

to take up other essential nutrients, like Ca and Mg (Katz et al.,

2021; Pavlovic et al., 2021; Barão, 2023). Additionally, Si is also

important for nutrient cycling in soil and plants (Schaller and

Struyf, 2013; Marxen et al., 2016; Li et al., 2018; Xu et al., 2020; Raza

et al., 2023).

Carneiro-Carvalho et al. experimented to understand the effect

of different concentrations of potassium silicate (0, 5, 7.5, and 10

mM of SiK®) fertilization by direct soil application and on the

leaves to analyze the biochemical defense response of drought stress

-exposed Castanea sativa plants in a field experiment in Folhadela

belonging to the University of Trás-os-Montes and Alto Douro,

Vila Real. It has been noted that SiK® application enhanced the

synthesis of soluble proteins and reduced the proline content and

markers of oxidative stress such as electrolyte leakage,
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malondialdehyde and, H2O2 content plant in tissues, along with

the significant increase in the activities of antioxidant enzymes

catalase (CAT), ascorbate peroxidase (APX), and peroxidase (POD)

activity. Additionally, significant improvement in total phenol

compounds and the number of thiols under drought conditions

in Castanea sativa plants have also been observed. It has been

concluded that external application of Si on Castanea sativa plants

exerts protective role under water deficit conditions and imparts

stress resilience (doi: 10.3389/fpls.2023.1120226).
Uptake, accumulation and
translocation of emerging
contaminants in tomato

Ever increasing global population, frequently changing global

climatic conditions, land use change and degradation, depleted

water sources, COVID outbreak, war and war like situations have

intensified significant pressure on food production, and pose

serious threat to food security and force to identify and

implement sustainable agriculture practices (Steffen et al., 2015;

Tully et al., 2019: Tosi et al., 2022; Yang et al., 2023). Irrigation of

crop plants limiting resource for crop productivity worldwide

and change in land use and deforestration pose extra burden on

freshwater resources (Nejadhashemi et al., 2012; Woznicki et al.,

2015). Therefore, it is imperative to adapt sustainable agricultural

practices to survive global climate change and food security

(Rosa, 2022). According to Ungureanu et al. (2020), reclaimed

water especially from municipal sources is frequently being used in

cropping system of arid and semi-arid regions for crop production.

It has also been reported that ~ 44 Nations use treated wastewater

for irrigation of agricultural crops (Hashem and Qi, 2021).

However, treated wastewater of municipal origin can be an

effective and sustainable practice in certain specific circumstances,

but it also comes with potential challenges and considerations like

salinization of agricultural soil and water, health risks to humans

due the presence of pathogens and heavy metals/metalloids

(Rogowska et al., 2020; Ben Mordechay et al., 2021; Ben

Mordechay et al., 2022; Shi et al., 2022). Recently, ECs has gained

the attention due to health and environmental concerns (Taheran

et al., 2018).

Denora et al. conducted a pilot-scale study in a field experiment

to understand the uptake, accumulation and translocation of ECs in

tomato (Solanum lycopersicum L. cv Taylor F1) plants irrigated with

tertiary treated wastewater effluent in Southern Italy and noted that

in TWWx3 strategy, clarithromycin, carbamazepine, metoprolol,

fluconazole, and climbazole exhibited interactions with the soil-

plant system, with varying degradation rates, soil accumulation

rates, and plant accumulation rates, whereas, naproxen, ketoprofen,

diclofenac, sulfamethoxazole, and trimethoprim showed

degradation. They concluded that Fluconazole and carbamazepine

have high plant absorption concentrations, with accumulation

evident in the leaves, roots, and berries of the TWWx3 treatment

(doi: 10.3389/fpls.2023.1238163).
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Soil polyethylene/polyvinyl chloride
microplastics impact on soybean

Synthetic non-biodegradable plastic products made up of

polyethylene (PE), polyvinylchloride (PVC), nylon, polypropylene,

polystyrene, and polylactic acid in ecosystem degrade into

microplastics (MPs) and even into nano-plastic pose serious threat

to aquatic and terrestrial ecosystems (Duis and Coors, 2016; Hale

et al., 2020; Hamidian et al., 2021; Akdemir and Gedik, 2023; Chen

et al., 2023; Akdemir and Gedik, 2023). The impact of soil

microplastics (MPs), particularly polyethylene (PE) and polyvinyl

chloride (PVC) as ECs attracted the global attention in terms of

environmental and agricultural challenges (Walker and Fequet, 2023;

Cha et al., 2023; Jimoh et al., 2023). MPs coined by Thompson et al.

(2004) are tiny plastic particles (<5 mm), and can originate from a

variety of sources, such as the breakdown of larger plastic items,

microbeads in personal care products, agricultural plastic films

(plastic mulch), use of treated wastewater of municipal origin for

irrigation and are present in most of the ecosystems as well as in

biological samples (Leslie et al., 2022; Osman et al., 2023). MPs

accumulation in the soil disturb the soil physical properties such as

bulk density, water holding capacity, soil fertility, and soil ecosystem

(Rillig, 2012; de Souza MaChado et al., 2018; Kublik et al., 2022).

Factors such as the type and size of microplastics, soil conditions, and

crop species all play a role in determining the extent of the impact.

Li et al. studied the impact of emerging pollutants MPs such as

PVC and PE alone and in combination on the photosynthetic

performance of soybean (Glycine max [L.] merr.) (c.v. Zhonghuang

37) plants grown in the experimental field of experiment station of

shandong agricultural university. It has been noted that MPs–PVC

and –PE alone and in combination increased the lipid peroxidation

by 21.8-97.9%, whereas, a significant decrease in photosynthetic

efficiency (net photosynthetic rate, PSII activity, energy uptake,

capture, transport, and dissipation) by 11.5-22.4% has also been

observed when compared with the control plants. It has also been

reported that PVC alone showed a greater negative impact on

soybean plants in comparison to PE single stress and control plants

(doi: 10.3389/fpls.2022.1100291).
Effect of nano-titanium dioxide on
mulberry: transcriptomics and
metabolomics perspective

Nanomaterials and nanoparticles (NPs) have attracted the

global attention for their widespread application in almost all

sectors including modern agricultural practices (Zain et al., 2022;

Chauhan and Gill, 2023). Nano-agrochemicals have vast potential

in complementing the growth, development and yield of crop plants

along with resilience to variety of biotic and abiotic stress factors

(Liliane and Charles, 2020; Shahzad et al., 2021; Beig et al., 2022;

Upadhayay et al., 2023). Among NPs, titanium dioxide
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nanoparticles (TiO2 NPs) are reported to be widely used NPs in

paints, sunscreen, paper, antibacterial fiber, fine ceramics, plastic,

food additives due to their anti-UV, antibacterial, self-cleaning,

anti-aging, anti-fading, chemical inertness, photocatalytic activity

(Hendren et al., 2011; Kovačič et al., 2022). Mixed observations have

been reported by the researchers on the effect (synergistic or

antagonistic) of TiO2 NPs on various crop plants (Bueno

et al., 2022).

Yu et al. investigated the effect of different concentrations of

TiO2 NPs (0, 100, 200, 400 or 800 mgl-1) on the growth

performance of mulberry (Morus Alba L.) seedlings employing

transcriptomics and metabolomics approaches. The authors noted

that the TiO2 NPs are easily taken up by the mulberry roots and

transferred to the above-ground parts which results in the

destruction of root and shoot system of mulberry plants.

Additionally, TiO2 NPs application reduced the chloroplast

number and pigment concentration and drastically increased the

rate of lipid peroxidation measured in terms of malondialdehyde

content. Furthermore, the results of transcriptomic data revealed

that TiO2 NPs application significantly affected the expression of

genes involved in protein metabolism, energy synthesis and

transport, and stress responsive genes. Moreover, metabolomic

study pointed out significant difference in 42 metabolites in

mulberry. Out of 42 metabolites, 26 showed up-regulation in

expression, whereas, the rest of the 16 metabolites were noted to

be down-regulated. The down-regulated metabolic pathways belong

to the TCA cycle, citric acid cycle, and, secondary metabolite

biosynthesis pathway which was not suitable for the germination

and/or growth of the mulberry saplings. The research concluded

that the application or exposure of plants to TiO2 NPs should be

comprehensively monitored and evaluated to avoid potential risks

of NPs on plants (doi: 10.3389/fpls.2023.1175012).
Conclusions and outlook

ECs are fascinating to the global public, research, and policy

attention owing to their potential health risks. Despite the

tremendous progress made in this field, the occurrence, sources,

and hazards of ECs have not been fully understood and full-scale

implementation of effective technologies to meet practical

application requirements has not been achieved. To address these

challenges, it is essential to focus research efforts on robust

remediation approaches developed on sustainable foundations.

These approaches should aim to establish consistency between the

characteristics of pollutants and the integration of multiple removal

processes to ensure compliance with regulations. A state-of-the-art

review encompassing various studies on ECs and the strategies

adopted by both developed and developing countries to combat

their release is crucial. This review should consider factors related to

water sustainability, such as water availability, usage patterns,

generation, pollution management, and the health of aquatic
frontiersin.org
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systems. There is an urgent need to develop standards and policy

strategies regarding limits of the ECs concentrations to assess the

environmental and potential human exposure risks of ECs

originating from various sources.
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Kovačič, Ž., Likozar, B., and Hus,̌ M. (2022). Electronic properties of rutile and
anatase TiO2 and their effect on CO2 adsorption: a comparison of first principle
approaches. Fuel 328, 125322. doi: 10.1016/j.fuel.2022.125322

Kublik, S., Gschwendtner, S., Magritsch, T., Radl, V., Rillig, M. C., Schloter, M., et al
(2022). Microplastics in soil induce a newmicrobial habitat, with consequences for bulk
soil microbiomes. Front. Environ. Sci. 10, 989267. doi: 10.3389/fenvs.2022.989267

Kumar, R., Ngangkham, U., and Abdullah, S. N. A. (2023). Editorial: Phosphorus
starvation in plants. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1211439

Lambers, H. (2022). Phosphorus acquisition and utilization in plants. Annu. Rev.
Plant Biol. 73, 17–42. doi: 10.1146/annurev-arplant-102720-125738

Lee, S., Marmagne, A., Park, J., Fabien, C., Yim, Y., Kim, S., et al. (2020). Concurrent
activation of OsAMT1; 2 and OsGOGAT1 in rice leads to enhanced nitrogen use
efficiency under nitrogen limitation. Plant J. 103 (1), 7–20. doi: 10.1111/tpj.14851

Leslie, H. A., van Velzen, M. J. M., Brandsma, S. H., Vethaak, A. D., Garcia-Vallejo, J.
J., and Lamoree, M. H. (2022). Discovery and quantification of plastic particle pollution
in human blood. Environ. Int. 163, 107199. doi: 10.1016/j.envint.2022.107199

Li, M., Li, H., Liu, H., Lai, X., and Xing, W. (2022). Efficacy and safety of eight types
Salvia miltiorrhiza injections in the treatment of unstable angina pectoris: A network
meta-analysis. Front. Pharmacol. 13. doi: 10.3389/fphar.2022.972738

Li, L., Li, T., Liu, Y., Li, L., Huang, X., and Xie, J. (2023). Effects of antibiotics stress on
root development, seedling growth, antioxidant status and abscisic acid level in wheat
Frontiers in Plant Science 06
(Triticum aestivum L.). Ecotoxicol. Environ. Saf. 252, 114621. doi: 10.1016/
j.ecoenv.2023.114621

Li, Z.-C., Song, Z.-L., Yang., X.-M., Song, A.-L., Yu, C.-X., Wang, T., et al. (2018).
Impacts of silicon on biogeochemical cycles of carbon and nutrients in croplands. J.
Integr. Agric. 17 (10), 2182–2195. doi: 10.1016/S2095-3119(18)62018-0

Liliane, T. N., and Charles, M. S. (2020). “Factors affecting yield of crops,” in
Agronomy - climate change & food security. Ed. Amanullah, (IntechOpen), 1–16.

Liu, X., Hu, B., and Chu, C. (2022). Nitrogen assimilation in plants: current status
and future prospects. J. Gen. Genom. 49 (5), 394–404. doi: 10.1016/j.jgg.2021.12.006

Ma, P. D., Liu, J. Y., Osbourn, A., Dong, J. N., and Liang, Z. S. (2015). Regulation and
metabolic engineering of tanshinone biosynthesis. RSC Adv. 5, 18137–18144.
doi: 10.1039/C4RA13459A

Ma, X., Xu, W., Zhang, Z., Liu, N., Yang, J., Wang, M., et al. (2017). Salvianolic acid B
ameliorates cognitive deficits through IGF-1/Akt pathway in rats with vascular
dementia. Cell Physiol. Biochem. 43, 1381–1391. doi: 10.1159/000481849

Manish, K. (2022). Medicinal plants in peril due to climate change in the Himalaya.
Ecol. Inform. 68, 101546. doi: 10.1016/j.ecoinf.2021.101546

Manivannan, A., Soundararajan, P., and Jeong, B. R. (2023). Editorial: Silicon: A
“Quasi-Essential” element’s role in plant physiology and development. Front. Plant Sci.
14, 1157185. doi: 10.3389/fpls.2023.1157185

Marxen, A., Klotzbücher, T., Jahn, R., Kaiser, K., Nguyen, V. S., Schmidt, A., et al.
(2016). Interaction between silicon cycling and straw decomposition in a silicon deficient
rice production system. Plant Soil 398, 153–163. doi: 10.1007/s11104-015-2645-8

Miroddi, M., Navarra, M., Quattropani, M. C., Calapai, F, Gangemi, S, and Calapai,
G. (2014). Systematic review of clinical trials assessing pharmacological properties of
Salvia species on memory, cognitive impairment and Alzheimer’s disease. C.N.S.
Neurosci. Ther. 20, 485–495. doi: 10.1111/cns.12270

Mohanty, B., and Das, A. (2023). Heavy metals in agricultural cultivated products
irrigated with wastewater in India: a review. AQUA Water Infrastructure Ecosyst. Soc.
72 (6), 851–867. doi: 10.2166/aqua.2023.122

Musacchio, A., Re, V., Mas-Pla, J., and Sacchi, E. (2020). EU Nitrates directive, from
theory to practice: Environmental effectiveness and influence of regional governance on
its performance. Ambio 49 (2), 504–516. doi: 10.1007/s13280-019-01197-8

Nassazzi, W., Wu, T.-C., Jass, J., Lai, F. L., and Ahrens, L. (2023). Phytoextraction of
per- and polyfluoroalkyl substances (PFAS) and the influence of supplements on the
performance of short–rotation crops. Environ. pollut. 333, 122038. doi: 10.1016/
j.envpol.2023.122038

Nejadhashemi, A. P., Wardynski, B. J., and Munoz, J. D. (2012). Large-scale
hydrologic modeling of the Michigan and Wisconsin agricultural regions to study
impacts of land use changes. Trans. ASABE 55 (3), 821–838. doi: 10.13031/2013.41517

Nightingale, J., Carter, L., Sinclair, C. J., Rooney, P., and Kay, P. (2023). Influence of
manure application method on veterinary medicine losses to water. J. Environ. Manage.
334, 117361. doi: 10.1016/j.jenvman.2023.117361

McDowell, R. W., Noble, A., Pletnyakov, P., and Haygarth, P. H. (2023). A global
database of soil plant available phosphorus. Sci. Data 10, 125. doi: 10.1038/s41597-023-
02022-4

Osman, A. I., Hosny, M., Eltaweil, A. S., Omar, S., Elgarahy, A. M., Farghali, M., et al.
(2023). Microplastic sources, formation, toxicity and remediation: a review. Environ.
Chem. Lett. 21, 2129–2169. doi: 10.1007/s10311-023-01593-3

Patni, B., Bhattacharyya, M., Kumari, A., and Kant Purohit, V. (2022). Alarming
influence of climate change and compromising quality of medicinal plants. Plant
Physiol. Rep. 27, 1–10. doi: 10.1007/s40502-021-00616-x

Pavlovic, J., Kostic, L., Bosnic, P., Kirkby, E. A., and Nikolic, M. (2021). Interactions
of silicon with essential and beneficial elements in plants. Front. Plant Sci. 12, 697592.
doi: 10.3389/fpls.2021.697592

Pooniyan, S., Kour, S., Yadav, K. K., Gora, R., Chadha, D., and Choudhary, S. (2023).
Silicon status in soils and their benefits in crop production. Commun. Soil Sci. Plant
Anal. 54 (13), 1887–1895. doi: 10.1080/00103624.2023.2211105

Pridemore, C. M. (2021) The Effects of Endocrine Disrupting Chemicals on Plants.
Theses, Dissertations and Capstones. Available at: https://mds.marshall.edu/etd/1412.

Quilliam, R. S., Pow, C. J., Shilla, D. J., Mwesiga, J. J., Shilla, D. A., and Woodford, L.
(2023). Microplastics in agriculture – a potential novel mechanism for the delivery of
human pathogens onto crops. Front. Plant Sci. 14, 1152419. doi: 10.3389/
fpls.2023.1152419

Rajak, B. K., Rani, P., Mandal, P., Chhokar, R. S., Singh, N., and Singh, D. V. (2023).
Emerging possibilities in the advancement of herbicides to combat acetyl-CoA carboxylase
inhibitor resistance. Front. Agron. 5, 1218824. doi: 10.3389/fagro.2023.1218824

Ranjan, A., Sinha, R., Bala, M., Pareek, A., Singla-Pareek, S. L., and Singh, A. K.
(2021). Silicon-mediated abiotic and biotic stress mitigation in plants: Underlying
mechanisms and potential for stress resilient agriculture. Plant Physiol. Biochem. 163,
15–25. doi: 10.1016/j.plaphy.2021.03.044

Raza, T., Abbas, M., Imran, S., Khan, M. Y., Rebi, A., Rafie-Rad, Z., et al. (2023).
Impact of silicon on plant nutrition and significance of silicon mobilizing bacteria in
agronomic practices. Silicon 15, 3797–3817. doi: 10.1007/s12633-023-02302-z

Ren, J., Fu, L., Nile, S. H., Zhang, J., and Kai, G. (2019). Salvia miltiorrhiza in treating
cardiovascular diseases: A review on its pharmacological and clinical applications.
Front. Pharmacol. 10, 753. doi: 10.3389/fphar.2019.00753
frontiersin.org

https://doi.org/10.1186/s12302-015-0069-y
https://doi.org/10.1007/978-3-030-90673-3_4
https://doi.org/10.1007/978-3-030-90673-3_4
https://doi.org/10.4060/cc4665en
https://doi.org/10.3390/foods12040721
https://doi.org/10.3389/fsufs.2020.617009
https://doi.org/10.3389/fpls.2017.01697
https://doi.org/10.1097/MD.0000000000021924
https://doi.org/10.1029/2018JC014719
https://doi.org/10.1016/j.jclepro.2021.126480
https://doi.org/10.1016/j.jclepro.2021.126480
https://doi.org/10.3390/w13111527
https://doi.org/10.1021/es103300g
https://doi.org/10.1016/j.apsoil.2022.104680
https://doi.org/10.1016/j.apsoil.2022.104680
https://doi.org/10.3389/fpls.2023.1226484
https://doi.org/10.1016/j.envpol.2022.120769
https://doi.org/10.1080/15226514.2023.2232874
https://doi.org/10.3390/plants10040652
https://doi.org/10.3390/hydrobiology2020026
https://doi.org/10.3390/hydrobiology2020026
https://doi.org/10.3390/plants12152861
https://doi.org/10.3389/fagro.2021.676208
https://doi.org/10.1016/j.fuel.2022.125322
https://doi.org/10.3389/fenvs.2022.989267
https://doi.org/10.3389/fpls.2023.1211439
https://doi.org/10.1146/annurev-arplant-102720-125738
https://doi.org/10.1111/tpj.14851
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.3389/fphar.2022.972738
https://doi.org/10.1016/j.ecoenv.2023.114621
https://doi.org/10.1016/j.ecoenv.2023.114621
https://doi.org/10.1016/S2095-3119(18)62018-0
https://doi.org/10.1016/j.jgg.2021.12.006
https://doi.org/10.1039/C4RA13459A
https://doi.org/10.1159/000481849
https://doi.org/10.1016/j.ecoinf.2021.101546
https://doi.org/10.3389/fpls.2023.1157185
https://doi.org/10.1007/s11104-015-2645-8
https://doi.org/10.1111/cns.12270
https://doi.org/10.2166/aqua.2023.122
https://doi.org/10.1007/s13280-019-01197-8
https://doi.org/10.1016/j.envpol.2023.122038
https://doi.org/10.1016/j.envpol.2023.122038
https://doi.org/10.13031/2013.41517
https://doi.org/10.1016/j.jenvman.2023.117361
https://doi.org/10.1038/s41597-023-02022-4
https://doi.org/10.1038/s41597-023-02022-4
https://doi.org/10.1007/s10311-023-01593-3
https://doi.org/10.1007/s40502-021-00616-x
https://doi.org/10.3389/fpls.2021.697592
https://doi.org/10.1080/00103624.2023.2211105
https://mds.marshall.edu/etd/1412
https://doi.org/10.3389/fpls.2023.1152419
https://doi.org/10.3389/fpls.2023.1152419
https://doi.org/10.3389/fagro.2023.1218824
https://doi.org/10.1016/j.plaphy.2021.03.044
https://doi.org/10.1007/s12633-023-02302-z
https://doi.org/10.3389/fphar.2019.00753
https://doi.org/10.3389/fpls.2023.1296252
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Naeem et al. 10.3389/fpls.2023.1296252
Rillig, M. C. (2012). Microplastic in terrestrial ecosystems and the soil? Environ. Sci.
Technol. 46, 6453–6454. doi: 10.1021/es302011r

Rogowska, J., Cieszynska-Semenowicz, M., Ratajczyk, W., and Wolska, L. (2020).
Micropollutants in treated wastewater. Ambio 49, 487–503. doi: 10.1007/s13280-019-
01219-5

Rosa, L. (2022). Adapting agriculture to climate change via sustainable irrigation:
biophysical potentials and feedbacks. Environ. Res. Lett. 17, 063008. doi: 10.1088/1748-
9326/ac7408

Schaller, J., and Struyf, E. (2013). Silicon controls microbial decay and nutrient
release of grass litter during aquatic decomposition. Hydrobiologia 709, 201–212.
doi: 10.1007/s10750-013-1449-1

Shaban, M., Ghehsareh Ardestani, E., Ebrahimi, A., and Borhani, M. (2023). Climate
change impacts on optimal habitat of Stachys inflata medicinal plant in central Iran. Sci.
Rep. 13, 6580. doi: 10.1038/s41598-023-33660-8

Shahzad, A., Ullah, S., Dar, A. A., Sardar, M. F., Mehmood, T., Tufail, M. A., et al.
(2021). Nexus on climate change: agriculture and possible solution to cope future
climate change stresses. Environ. Sci. pollut. Res. Int. 28, 14211–14232. doi: 10.1007/
s11356-021-12649-8

Sharma, B. M., Scheringer, M., Chakraborty, P., Bharat, G. K., Steindal, E. H.,
Trasande, L., et al. (2022). Unlocking India’s potential in managing endocrine-
disrupting chemicals (EDCs): importance, challenges, and opportunities. Expo.
Health. doi: 10.1007/s12403-022-00519-8

Shi, M., Huang, F., Deng, C., Wang, Y., and Kai, G. (2019). Bioactivities, biosynthesis
and biotechnological production of phenolic acids in Salvia miltiorrhiza. Crit. Rev.
Food Sci. Nutr. 59, 953–964. doi: 10.1080/10408398.2018.1474170

Shi, Q., Xiong, Y., Kaur, P., Sy, N. D., and Gan, J. (2022). Contaminants of emerging
concerns in recycled water: Fate and risks in agroecosystems. Sci. Total Environ. 814,
152527. doi: 10.1016/j.scitotenv.2021.152527

Shrestha, U. B., Lamsal, P., Ghimire, S. K., Shrestha, B. B., Dhakal, S., Shrestha, S.,
et al. (2023). Climate change-induced distributional change of medicinal and aromatic
plants in the Nepal Himalaya. Ecol. Evol. 12, e9204. doi: 10.1002/ece3.9204

Singh, B. K., Delgado-Baquerizo, M., Egidi, E., Guirado, E., Leach, J. E., Liu, H., et al.
(2023). Climate change impacts on plant pathogens, food security and paths forward.
Nat. Rev. Microbiol. 21, 640–656. doi: 10.1038/s41579-023-00900-7

Steffen, W., Richardson, K., Rockström, J., Cornell, S., Fetzer, I., Bennett, E., et al.
(2015). Planetary boundaries: Guiding human development on a changing planet.
Science 348, 1217. doi: 10.1126/science.1259855

Sun, M., Shi, M., Wang, Y., Huang, Q., Yuan, T., Wang, Q., et al. (2019). The
biosynthesis of phenolic acids is positively regulated by the JA-responsive transcription
factor ERF115 in Salvia miltiorrhiza. J. Exp. Bot. 70, 243–254. doi: 10.1093/jxb/ery349

Sun, N., Thompson, R. B., Xu, J., Liao, S., Suo, L., Peng, Y., et al. (2021). Arsenic and
cadmium accumulation in soil as affected by continuous organic fertilizer application:
implications for clean production. Agronomy 11 (11), 2272. doi: 10.3390/
agronomy11112272

Sun, L., Yang, G., Zhang, Y., Qin, S., Dong, J., Cui, Y., et al. (2022). Leaf functional
traits of two species affected by nitrogen addition rate and period not nitrogen
compound type in a meadow grassland. Front. Plant Sci. 13, 841464. doi: 10.3389/
fpls.2022.841464

Taheran, M., Naghdi, M., Brar, S. K., Verma, M., and Surampalli, R. Y. (2018).
Emerging contaminants: Here today, there tomorrow! Environ. Nanotechnol. Monit.
Manage. 10, 122–126. doi: 10.1016/j.enmm.2018.05.010

Thacharodi, A., Hassan, S., Hegde, T. A., Thacharodi, D. D., Brindhadevi, K., and
Pugazhendhi, A. (2023). Water a major source of endocrine-disrupting chemicals: An
Frontiers in Plant Science 07
overview on the occurrence, implications on human health and bioremediation
strategies. Environ. Res. 231, 116097. doi: 10.1016/j.envres.2023.116097

Theodoridis, S., Drakou, E. G., Hickler, T., Thines, M., and Nogues-Bravo, D. (2023).
Evaluating natural medicinal resources and their exposure to global change. Lancet
Planet Health 7, e155–e163. doi: 10.1016/S2542-5196(22)00317-5

Thompson, R. C., Olsen, Y., Mitchell, R. P., Davis, A., Rowland, S. J., John, A. W.,
et al (2004). Lost at Sea: where Is All the Plastic? Science 304 (5672), 838. doi: 10.1126/
science.1094559

Tosi, L., Da Lio, C., Bergamasco, A., Cosma, M., Cavallina, C., Fasson, A., et al.
(2022). Sensitivity, hazard, and vulnerability of farmlands to saltwater intrusion in low-
lying coastal areas of Venice, Italy. Water 14, 64. doi: 10.3390/w14010064

Tully, K. L., Weissman, D., Wyner, W. J., Miller, J., and Jordan, T. (2019). Soils in
transition: Saltwater intrusion alters soil chemistry in agricultural fields. Biogeochem
142, 339–356. doi: 10.1007/s10533-019-00538-9
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