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ABSTRACT

The global demand for Ayurvedic medicinal plants has increased substantially due to rising acceptance of traditional
medicine and plant-based therapeutics [1-6]. This expansion has intensified cultivation systems, leading to increased
exposure of medicinal plants to soil contamination by heavy metals and pesticide residues [18-23,29-35]. Heavy metals
such as Cd, Pb, As, Hg, Cr and Ni originate from industrial emissions, mining activities, wastewater irrigation and
fertilizers [18-23]. Pesticide residues further disrupt soil microbial ecosystem and plant metabolic functions [29-33].
These contaminants significantly compromise medicinal plant safety, phytochemical integrity and international market
acceptance [24,36,43]. Bioaccumulation of toxic elements can lead to severe human health risks including neurotoxicity
and carcinogenicity [25,43]. Therefore, sustainable remediation of contaminated soils is essential.

Advanced remediation technologies such as phytoremediation [1-6,37-41], microbial-assisted remediation [9-12,44-45],
biochar-based immobilization [13-18,46-50], nanotechnology [53-56] and integrated systems [50,57-60] offer promising
solutions. This review proposes the Ayurvedic Clean Soil Certification System (ACSCS) as a global framework for safe
medicinal plant production.

KEYWORDS: Ayurveda, medicinal plants, heavy metals, pesticides, phytoremediation, biochar, microbial remediation,
nanotechnology, soil contamination, sustainable agriculture.

1. INTRODUCTION

Ayurveda Is a holistic medicinal system relying heavilyn on plant-based formulation [1-3]. Medicinal plants such as
Withania somnifera, Ocimum sanctum and Tinospora cordifolia are widely used due to their pharmacological activities
[4-6,43].

Increasing global demand has led to intensified cultivation practices. However, industrialization and agricultural
intensification have resulted in soil contamination [18-23]. Heavy metals persist in soils due to their non-biodegradable
nature and accumulate in plant tissues [21-23].

Similarly, pesticide residues disrupt soil microbial balance and affect nutrient cycling [29-33]. These contaminants directly
affects medicinal quality and global acceptance of Ayurvedic products [25,33,43].

2. Sources of Soil Contamination

2.1 Industrial Emissions
Industrial activities release toxic metal such as Pb, Cd and Hg into surrounding agricultural soils [18-20]

2.2 Mining Activities
Mining waste introduces As, Ni, and Cr into soil system [18,21]
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2.3 Wastewater irrigation

Continuous irrigation with contaminated water leads to gradual metal accumulation [19-21]

2.4 Fertilizers and Agrochemicals

Phosphate fertilizers often contain trace metals like Cd and Pb [21-23]

2.5 Atmospheric Deposition

Airborne particles deposit heavy metal onto soil and crops [20,24]

3. Pesticide Contamination Mechanisms

3.1 Insecticides

Organophosphates and neonicotinoids persist in soils and affect microbial diversity [29-31]

3.2 Herbicides

Herbicides alter enzymatic activity and soil microbial balance [30-32].

3.3 Fungicides

Copper — based fungicides contribute to both pesticide and heavy metal accumulation [31,35].

3.4 Persistent Organic Pollutants

Organochlorine compounds persist in soil for long duration [31-33].

4. Impact on Medicinal Plants
4.1 Physiological Stress

Heavy metals induce oxidative stress and reactive oxygen species production [36,40]

4.2 Growth Inhibition

Contaminants reduce germination, biomass and chlorophyll content [24,36].

4.3 Alteration of Secondary Metabolites

Biosynthesis of alkaloids, flavonoids and terpenoids is significantly altered [36,43].

4.4 Human Health Risks

Consumption of contaminated herbs can lead to neurological and carcinogenic disorders [25,43]

5. Remediation Technologies
5.1 Phytoremediation

Phytoremediation uses plants to extract or stabilize contaminants via phytoextraction and phytostabilization [1-6,37-41].

5.2 Microbial Remediation

PGPR and mycorrhizal fungi enhance contaminant degradation and plant tolerance [9-12,44-45].

5.3 Biochar- Based Remediation

Biochar improves soil fertility and immobilizes heavy metals [13-18,46-50]

5.4 Nanotechnology Applications

Nanomaterials enhance adsorption and degradation of pollutants [53-56].

5.5 Integrated Systems

Combined plant-microbes-biochar systems shows superior remediation efficiency [50,57-60].

6. Table
Table 1. Major Health Metals in Agricultural Soils and Their Sources [18-23,24,25]
Metal Source Health impact
Pb Industry, traffic Neurotoxicity
Cd Fertilizers Kidney damage
As Mining Carcinogenic
Hg Industrial emissions Neurological damage
Ni Metallurgical activity Dermatitis
Cr Waste disposal Toxicity

Table 2. Hyper accumulator Plants used in Remediation [37-41]

I Plant Species

I Target Metals
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Brassica juncea Pb, Cd
Helianthus annuus Zn, Pb
Vetiveria zizanioides Multi-metal
Pteris vittata As
Alyssum murale Ni

Table 3 Comparison of Remediation Technologies [50,53-60}

Method Advantage Limitation
Phytoremediation Eco-friendly, slow process

Microbial remediation Sustainable environmental sensitivity
Biochar Soil improvement

Nanotechnology High efficiency cost and safety concers
Integrated systems Highly effective complex implementation

7. Ayurvedic Clean Soil Certification System (ACSCS)
The ACSCS is proposed as a global framework to ensure contaminant free medicinal plant production.

7.1 Al-Based Soil Monitoring
Al-based geospatial systems enable real-time contamination mapping and risk assessment.

7.2 Mandatory Soil Remediation
Pre-cultivation detoxification ensures soil safety before cultivation begins.

7.3 Blockchain Traceability
Every medicinal plant batch is linked to soil data and cultivation history for transparency.

7.4 Global Standards Integration
ACSCS aligns with WHO-GACP and international herbal safety regulations [25,33].
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8. Future Perspectives
Future research should focus on:

Multi — contaminant remeadiation systems [50,57-60]
Genetic enhancement of hyperaccumulator plants [37-41]
Al-driven soil prediction models

Biochar- microbe synergistic technologies [46-50]

Large scale field validation studies.
Global standardization of herbal soil safety
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9. DISCUSSION

Heavy metal and pesticide contamination has emerged as a major challenge in Ayurvedic medicinal plant cultivation
because these pollutants adversely affect soil health, plant growth, phytochemical composition, and consumer safety (18—
25,29-35,61). Heavy metals such as Pb, Cd, As, and Hg can accumulate in medicinal plants and pose significant
toxicological risks, while pesticide residues may disrupt soil microbial communities and alter plant metabolism
(24,36,43,62). Among available remediation technologies, phytoremediation, microbial-assisted remediation, and biochar
application have shown considerable potential for reducing contaminant levels and improving soil quality (1-18,44-58).
Recent evidence suggests that integrated remediation systems combining plants, microorganisms, and biochar are more
effective than individual approaches (50,57—60,63). The proposed Ayurvedic Clean Soil Certification System (ACSCS)
could provide a practical framework for ensuring contaminant-free medicinal plant production through soil monitoring,
remediation, and traceability. Adoption of such sustainable approaches may improve the safety, quality, and global
acceptance of Ayurvedic medicinal products.

10. CONCLUSION

Heavy metal and pesticide contamination significantly threaten Ayurvedic medicinal plant cultivation systems [18-23,29-
35]. These contaminants reduce soil quality, alter plant metabolism and pose serious human health risks [25,36,43]
Advanced remediation technologies including phytoremediation, microbial system, biochar, nanotechnology and
integrated approaches offer effective solutions for restoring soil health [1-6,44-50, 53-60]

The proposed ACSCS framework provides a transformative global model for ensuring safe, traceable and sustainable
medicinal plantbproduction.

REFERENCES

1. Salt DE, Smith RD, Raskin I. Phytoremediation. Annu Rev Plant Physiol Plant Mol Biol. 1998;49:643-68.

2. Raskin I, Smith RD, Salt DE. Phytoremediation of metals: using plants to remove pollutants from the environment.
Curr Opin Biotechnol. 1997;8(2):221-6.

3. McGrath SP, Zhao FJ. Phytoextraction of metals and metalloids from contaminated soils. Curr Opin Biotechnol.
2003;14(3):277-82.

4. Ali H, Khan E, Sajad MA. Phytoremediation of heavy metals—concepts and applications. Chemosphere.
2013;91(7):869-81.

5. Ghosh M, Singh SP. A review on phytoremediation of heavy metals and utilization of its byproducts. Appl Ecol
Environ Res. 2005;3(1):1-18.

6. Vangronsveld J, Herzig R, Weyens N, et al. Phytoremediation of contaminated soils and groundwater: lessons from
the field. Environ Sci Pollut Res. 2009;16(7):765-94.

7. Cunningham SD, Berti WR. Phytoextraction and phytostabilization: technical, economic and regulatory
considerations. In: Terry N, Banuelos G, editors. Phytoremediation of Contaminated Soil and Water. Boca Raton: CRC
Press; 2000. p. 359-76.

8. Chaney RL, Malik M, Li YM, et al. Phytoremediation of soil metals. Curr Opin Biotechnol. 1997;8(3):279-84.

9. Khan AG. Role of soil microbes in phytoremediation. J Trace Elem Med Biol. 2005;18(4):355-64.

10. Gadd GM. Metals, minerals and microbes: geomicrobiology and bioremediation. Microbiology. 2010;156(Pt 3):609-
43.

11.Ma'Y, Rajkumar M, Freitas H. Inoculation of plant growth promoting bacteria in metal-contaminated soils. Appl Soil
Ecol. 2011;48(2):131-7.

12. Rajkumar M, Ae N, Prasad MNV, Freitas H. Siderophore-producing bacteria for phytoextraction. Trends Biotechnol.
2010;28(3):142-9.

13. Lehmann J, Joseph S, editors. Biochar for Environmental Management. London: Earthscan; 2009.

14. Beesley L, Moreno-Jiménez E, Gomez-Eyles JL, et al. Biochar for remediation. Environ Pollut. 2011;159(12):3269-
82.

15. Ahmad M, Rajapaksha AU, Lim JE, et al. Biochar as sorbent. Chemosphere. 2014;99:19-33.

16. Mohan D, Sarswat A, Ok YS, Pittman CU Jr. Biochar removal of contaminants. Bioresour Technol. 2014;160:191 -
202.

17. Park JH, Choppala GK, Bolan NS, et al. Biochar reduces metal mobility. ] Hazard Mater. 2011;186(2-3):1433-9.
18.Bolan N, Kunhikrishnan A, Thangarajan R, et al. Remediation of heavy metal contaminated soils. J Hazard Mater.
2014;266:141-66.

19. Kumpiene J, Lagerkvist A, Maurice C. Stabilization of metals in soil. Waste Manag. 2008;28(1):215-25.

20. Pulford ID, Watson C. Phytoremediation of contaminated land. Environ Int. 2003;29(4):529-40.

21. Alloway BJ. Heavy Metals in Soils. 3rd ed. Dordrecht: Springer; 2013.

22.Kabata-Pendias A. Trace Elements in Soils and Plants. 4th ed. Boca Raton: CRC Press; 2011.

23. Adriano DC. Trace Elements in Terrestrial Environments. New York: Springer; 2001.

24.Nagajyoti PC, Lee KD, Sreekanth TVM. Heavy metals toxicity in plants. Environ Chem Lett. 2010;8(3):199-216.
25. Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ. Heavy metal toxicity. EXS. 2012;101:133-64.

26. Sharma RK, Agrawal M, Marshall FM. Heavy metals in vegetables. Ecotoxicol Environ Saf. 2007;66(2):258-66.
27.Rai PK. Heavy metal pollution in ecosystems. Ecotoxicol Environ Saf. 2009;72(2):282-93.

28. Wuana RA, Okicimen FE. Heavy metals in soils. ISRN Ecol. 2011;2011:402647.

29. Singh BK, Walker A. Microbial degradation of pesticides. FEMS Microbiol Rev. 2006;30(3):428-71.

Genetics and Molecular Research 25 (17s): 2026 4



30. Cycon M, Mrozik A, Piotrowska-Seget Z. Bioaugmentation for pesticide soils. Chemosphere. 2017;172:52-71.
31.Fenner K, Canonica S, Wackett LP, Elsner M. Pesticide degradation. Science. 2013;341(6147):752-8.

32. Aktar MW, Sengupta D, Chowdhury A. Pesticides impact. Interdiscip Toxicol. 2009;2(1):1-12.

33. Carvalho FP. Pesticides and food safety. Food Energy Secur. 2017;6(2):48-60.

34. Pimentel D. Environmental costs of pesticides. Bioscience. 2005;55(7):573-82.

35. Verma JP, Jaiswal DK, Sagar R. Pesticide remediation. Ecotoxicol Environ Saf. 2014;107:1-9.

36.Oves M, Khan MS, Zaidi A. Heavy metal toxicity in plants. Agric Ecosyst Environ. 2013;174:1-14.

37.Prasad MNV. Phytoremediation of metal ecosystems. Russ J Plant Physiol. 2003;50(5):686-700.

38. Pilon-Smits E. Phytoremediation. Annu Rev Plant Biol. 2005;56:15-39.

39. Lasat MM. Phytoextraction of toxic metals. J Environ Qual. 2002;31(1):109-20.

40. Clemens S. Metal accumulation in plants. Biochimie. 2006;88(11):1707-19.

41.Yoon J, Cao X, Zhou Q, Ma LQ. Metal accumulation in plants. Sci Total Environ. 2006;368(2-3):456-64.

42. Ernst WHO. Metal hyperaccumulation evolution. Plant Soil. 2006;249:15-28.

43.Khan S, Hesham AEL, Qiao M, et al. Heavy metals in medicinal plants. Environ Pollut. 2010;158(7):2350-7.

44. Glick BR. Soil bacteria in phytoremediation. Biotechnol Adv. 2010;28(3):367-74.

45. Ahemad M. Bacterial mechanisms in remediation. Chemosphere. 2015;117:485-95.

46.Rizwan M, Ali S, Abbas T, et al. Biochar effects. J Environ Manage. 2016;206:425-34.

47.Yang X, Feng Y, He Z, Stoffella PJ. Heavy metal mechanisms. J Trace Elem Med Biol. 2005;18(4):339-53.

48. Tangahu BV, Abdullah SRS, Basri H, et al. Phytoremediation review. Int J Chem Eng. 2011;2011:939161.

49. Vamerali T, Bandiera M, Mosca G. Phytoremediation crops. Environ Chem Lett. 2010;8(1):1-17.

50.Mahar A, Wang P, Ali A, et al. Heavy metal remediation challenges. Ecotoxicol Environ Saf. 2016;126:111-21.
51.Islam MM, Saxena N, Sharma D. Phytoremediation review. RSC Sustain. 2024;2:1269-88.

52.Xu L, Zhao F, Xing X, et al. Soil remediation review. Toxics. 2024;12(12):897.

53. Mitra A, Kataki S, Chatterjee S, et al. Nano-phytoremediation. Int J Environ Sci Technol. 2024;21:6405-28.
54.Zhang Y, et al. Biochar bioremediation review. Appl Soil Ecol. 2024;204:105720.

55.Parida T, Riyazuddin S, Kolli SK, et al. Metal chelation review. Discover Environ. 2024;2:139.

56.Ren WL, Ullah A, Yu XZ. Biochar phytoremediation overview. Environ Sci Pollut Res. 2024;31(52):61397-61425.
57. Abbas HMM, Rais U, Altaf MM, et al. Microbial biochar remediation. Sci Total Environ. 2024;954:176104.

58.Wu J, Fu X, Zhao L, et al. Biochar-microbe plant system. Sci Total Environ. 2024;923:171442.

59. Integrated remediation / soil-plant-microbe system Sarma H, Deka S, Dutta R, Saikia RR. Combined application of
plants, microbes and amendments for remediation of heavy metal contaminated soils: a review. Ecological Engineering.
2019;136:1-12.

60. Advanced soil remediation and contaminant management Kumar V, Sharma A, Kaur P, Singh Sidhu GP, Bali AS,
Bhardwaj R, et al. Remediation strategies for heavy metal contaminated soil and water: Recent progress and future
perspectives.Environmental Science and Pollution Research. 2020;27:44701-44722.

61. Hlihor RM, Rosca M, Hagiu-Zaleschi L, Simion IM, Daraban GM, Stoleru V. Medicinal Plant Growth in Heavy
Metals Contaminated Soils: Responses to Metal Stress and Induced Risks to Human Health. Toxics. 2022;10(9):499.

62. Asgari Lajayer B, Ghorbanpour M, Nikabadi S. Heavy metals in contaminated environment: Destiny of secondary
metabolite biosynthesis, oxidative status and phytoextraction in medicinal plants. Ecotoxicol Environ Saf. 2017;145:377—
390.

63. Alsafran M, Saleem MH, Al Jabri H, Rizwan M, et al. Principles and Applicability of Integrated Remediation
Strategies for Heavy Metal Removal/Recovery from Contaminated Environments. J Plant Growth Regul. 2023;42:3419—
3440.

Genetics and Molecular Research 25 (17s): 2026 5



