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The increasing challenge of managing crop diseases requires innovative and
sustainable approaches. The current reliance on synthetic pesticides raises
environmental concerns and contributes to the development of pesticide
resistance. Therefore, exploration of alternative, eco-friendly biocontrol agents
is crucial. In this article, we examine the underutilized potential of medicinal
plant wastes (MPWs) as renewable and eco-friendly resources for the control
of crop diseases. MPWs contain a significant portion of bioactive compounds
with biopesticidal potential and represent a readily available and cost-effective
source. Here, we review the recent findings on the efficacy of MPW extracts,
discuss their mechanisms of action, and highlight their applications in crop
protection. The contents presented herein emphasize the importance of MPW
extracts as sustainable alternatives or complements to conventional synthetic
pesticides and offer new possibilities for environmentally conscious strategies in
crop disease management.

KEYWORDS

medicinal plant waste extracts, crop diseases, biopesticides, synthetic pesticides,
sustainable agriculture, field experiments

1 Introduction

The global agricultural sector is undergoing a profound shift, driven by the
increasing demand for organic products and sustainable farming methods. This
transformation reflects evolving consumer preferences and a crucial need to reduce
the environmental impact of conventional agriculture, particularly the reliance on
synthetic pesticides. These pesticides pose significant risks to human health and
the environment, threatening long-term agriculture sustainability (Marcelino et al,
2023a; Greff et al, 2023b; Sergeeva, 2015). In response to this challenge, the
exploration of medicinal plant waste (MPW) extracts as biopesticides offers a promising
avenue for sustainable crop disease management. Repurposing MPW extracts not
only reduce reliance on synthetic pesticides but also provide a cost-effective, readily
available, and environmentally friendly alternative (Greff et al., 2023b). This perspective
article explores the potential of MPW extracts to complement or replace synthetic
fungicides in crop disease control, thereby encouraging the development and broader
implementation of these eco-friendly solutions for a more sustainable agricultural future.
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2 Booming market for medicinal plants

Medicinal plants are a rich and valuable source of bioactive
compounds and herbal products, with more than 50,000 plant
species used for medicinal purposes worldwide (Greff et al,
2023a). The World Health Organization estimates that 75-80%
of the world’s population relies on herbal medicines for their
primary healthcare needs, and over 25% of prescribed drugs
in developed countries are derived from wild plant species
(Marcelino et al., 2023b; Chen et al., 2016). The herbal medicine
market, valued at $216 billion in 2023, is projected to grow at
a compound annual growth rate of 8.17% to $437 billion by
2032 (Fortune-Business-Insights., 2023). Therefore, global trade
in medicinal plant resources is experiencing a remarkable annual
growth rate of 10-12% annually (Marcelino et al., 2023a). This
growth has been attributed to the increasing popularity of herbal
medicines and natural ingredients derived from medicinal plants
in various sectors, including the pharmaceutical, food, cosmetics,
and agrochemical industries (Chen et al., 2016).

3 Looming threat of medicinal plant
waste

However, the growing demand for medicinal plants makes
them expensive. As only specific organs or tissues are used in
herbal medicines, the processing of medicinal plants generates
significant amounts of waste in the form of leaves, stems, roots,
and other residual materials. These residues are the byproducts
of the extraction or decoction of botanical medicines and contain
many unused components. In China alone, the national production
of Chinese patent medicines in 2021 was ~2.5 million tons,
resulting in 60-70 million tons of Chinese herbal waste annually
(Luo et al,, 2023). Globally, the medicinal herb industry produces
~20 million tons of dry mass waste annually (Yarin et al., 2022).
Although it is estimated that only a small portion of the plant
is used as the final product, the remaining biomass is often
disposed of through unsustainable practices, such as landfilling,
stacking, incineration, or open burning (Marcelino et al., 2023a).
These practices cause a significant waste of valuable resources
and contribute to environmental pollution through air, water, and
soil contamination (Marcelino et al., 2023a; Luo et al.,, 2023). In
addition, improper waste management poses public health risks,
particularly to communities living near dumping sites, because of
spontaneous fires and toxic gas emissions (Marcelino et al., 2023a;
Luo et al., 2023). Therefore, it is crucial to implement sustainable
practices throughout the value chain of medicinal plants.

4 Limitations of synthetic pesticides
and the need for alternative strategies

The Food and Agriculture Organization of the United Nations
FAO., 2024 estimates that plant diseases and pests cause annual
global crop losses of up to 40%, costing over $220 billion globally.
Savary et al. (2019) noted that wheat, rice, maize, potato, and
soybean losses amount to 10-28, 25-41, 20-41, 8-21, and 11-32%,
respectively. These facts highlight the significant impact of plant
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diseases on agricultural productivity and economic wellbeing. In
addition, climate change and trade globalization may act as the
drivers of the emergence and spread of new pathogens to previously
unaffected areas (Singh et al., 2023), posing additional threats to
global crop production.

Crop disease management relies heavily on synthetic pesticides
(Nishimoto, 2019; Fones et al., 2020). There could be a significant
increase in crop damage without pesticide use because of pathogen
infestation, potentially ranging from 20 to 50% (Oerke, 2006).
However, the extensive and long-term use of traditional synthetic
pesticides raises public health and environmental concerns and
creates selection pressure on pathogen populations, leading to the
frequent emergence of pesticide-resistant races (Fones et al., 2020;
Fisher et al., 2018). For example, the fungicides kasugamycin,
phosphorothiolates and melanin biosynthesis inhibitors were
developed to control the rice blast fungus Magnaporthe oryzae;
however, M. oryzae strains resistant to these fungicides emerged
within six, seven and 2 years of their introduction to the market,
respectively (Lucas et al, 2015; Brent and Hollomon, 1995).
Alarmingly, the emergence of pesticide resistance is outpacing
pesticide discovery (Fisher et al., 2018), threatening future
crop protection. The number of new agrochemicals developed
has decreased since the 2000s, and the cost and time of
development have increased from $152 million and 8.3 years
in 1995 to $286 million and 11.3 years in 2010-2014 (Fones
et al, 2020; Nishimoto, 2019). Therefore, it is imperative to
develop new, eco-friendly, and sustainable strategies that provide
viable alternatives to or complement traditional practices for crop
disease management.

5 Potential of MPW extracts as
biopesticides to control crop diseases
in fields

There is a growing interest in innovative methods for
repurposing MPWs, which present a range of benefits beyond
environmental sustainability. These methods open new economic
opportunities and contribute to a more circular bioeconomy by
transforming MPW into valuable bioproducts.

Medicinal plant extracts are rich sources of secondary
metabolites such as terpenes, phenolic compounds, alkaloids,
flavonoids and coumarins, many of which have demonstrated
potent inhibitory activity against various plant pathogenic fungi,
bacteria, and viruses, effectively reducing the incidence and severity
of diseases in various crops (Marcelino et al., 2023b; Greff et al,,
2023a; Rahimi et al., 2025). The inherent diversity of bioactive
compounds in medicinal plants, each with a unique mode of action,
can mitigate the emergence of resistance in pathogen populations,
which is a significant drawback of synthetic pesticides. Notably,
medicinal plant residues (MPRs) generated during extraction
process have been shown to retain 30-50% of essential bioactive
compounds (Marcelino et al., 2023a; Luo et al., 2023).

In addition to their pesticidal properties, extracts of some
medicinal plants have been shown to activate innate defense
mechanisms in plants. In a recent study, Tan et al. (2023)
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reported that ethanolic extracts of Paris polyphylla pericarps (a
tissue generally discarded after rhizome harvesting) exhibit
potent antifungal activity against rice blast pathogen M.
oryzae, with over 70% growth inhibition. Foliar spraying
with this extract significantly enhances blast resistance in rice
seedlings and the expression of WRKY45, a key regulator
of immunity, and pathogenesis-related genes OsPRIb and
PBZI, indicating that this extract protects rice by conferring
antifungal activity and stimulating plant defense system. However,
whether these effects stem from the same or different bioactive
compounds remains unclear. Similarly, Satya et al. (2007)
reported that the foliar application of an aqueous extract of
zimmu (Allium sativum L. x Allium cepa L.) leaves to cotton
plants induced significant systemic resistance to Xanthomonas
campestris pv. malvacearum, reducing disease lesions by up
to 73% compared with that in mock controls. These studies

10.3389/fsufs.2025.1556604

highlight the potential of MPWs as dual-function resources,
offering both direct antimicrobial action and the ability to boost
crop immunity.
Although
demonstrated antipathogenic activity in in vitro experiments

numerous medicinal plant extracts have
and their disease control effects in greenhouse studies, only a
few studies have confirmed their efficacy under field conditions.
Table I provides a summary of MPW extracts that have been
shown to reduce the incidence of crop diseases by at least 50% in
field trials. These findings highlight the potential of MPW extracts
as renewable and eco-friendly biopesticides for sustainable crop
protection. As shown in Table I, most studies have focused on
disease management of rice (Oryza sativa L.), including sheath
blight (Rhizoctonia solani), leaf blight (Xanthomonas oryzae pv.
oryzae), and bakanae (Fusarium fujikuroi). Given that rice is

a staple crop feeding over half of the worlds population, these

TABLE 1 Field-validated medicinal plant waste extracts shown to reduce crop disease incidence by > 50%.

Plant sources Plant tissues
and their main
medicinal

tissues

Disease
(causal

Crop
species

pathogen)

and extraction

Mode of
action

Disease References
reduction

(%)

Concentration,
application
method

Rice (Oryza Sheath blight Cassumunar ginger Shoot, plant powder 25g L~ (DW/V), Max. 58 Antifungal Dethoup et al.
sativa L.) (Rhizoctonia (Zingiber cassumunar foliar application activity (2022)
solani) Roxb.), rhizome
Turmeric (Curcuma Shoot, plant powder 25g L1 (DW/V), Max. 52 Antifungal Dethoup et al.
longa L.), rhizome foliar application activity (2022)
Tree turmeric Shoot, plant powder 25g L7 (DW/V), Max. 54 Unknown Dethoup et al.
[Coscinium foliar application (2022)
fenestratum (Goetgh.)
Colebr.], stem bark,
roots
Thick leaf thyme Shoot, water 15% filtrate of 1:1 77 (trial-1), 77 Antifungal Persaud et al.
(Plectranthus DW/V crude extract, (trial-2) activity (2019)
amboinicus), leaves foliar application
Marigold (Tagetes Shoot, water 15% filtrate of 1:1 52 (trial-1), 45 Antifungal Persaud et al.
patula), flowers DW/V crude extract, (trial-2) activity (2019)
foliar application
Leaf blight Neem (Azadirachta Fruits, water 50% filtrate of 1:10 79-82 (varied Antibacterial Nagqvi et al.
(Xanthomonas indica), leaves, seeds DW/V crude extract, by CV) activity (2018)
oryzae pv. and roots foliar application
oryzae)
Bakanae Toothpick weed Shoot, ethanol Raw extract filtrate, 96 (2,017), 98 Antifungal Kalboush and
(Fusarium (Ammi visnaga), seeds 750 ppm, seed (2,018) activity Hassan (2019)
Sfujikuroi) treatment
Blue gum (Eucalyptus Shoot, ethanol Raw extract filtrate, 95 (2,017), 96 Antifungal Kalboush and
globulus), leaves 1,000 ppm, seed (2,018) activity Hassan (2019)
treatment
Tomato Wilt disease Camphor Leaves, ethanol 5% filtrate of 1:4 70 Antifungal El-Shennawy
(Solanum (Fusarium (Cinnamomum DW/V crude extract, activity and Abo-Kora
lycopersicum oxysporum f.sp. camphora), wood soil drench (2016)
L) lycopersici)
African marigold Leaves, ethanol 3% filtrate of 1:4 70 Unknown El-Shennawy
(Tagetes marigold), DW/V crude extract, and Abo-Kora
flowers soil drench (2016)
Black currant Leaf spot and Valerian (Valeriana Shoot, hydroalcoholic 10% filtrate of 1:10 94 Antifungal Sesan et al.
(Ribes nigrum) fruit rot officinalis), roots solution FW/V crude extract activity (2016)
{[Alternaria
alternata (Fr.)
Keissl.]}

FW/V and DW/V represent the ratio of fresh and dry weight of plant material to extraction solvent volume, respectively.
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studies hold significant agricultural importance. In field trials,
extracts from at least five medicinal plant species have shown
efficacy against rice sheath blight (Table 1), an encouraging result
given the limited genetic sources of resistance and heavy reliance
on synthetic fungicides for disease control (Senapati et al., 2022;
Chen et al.,, 2023). Furthermore, extracts from three medicinal
plant species have been shown to be effective in disease control
in tomato (Solanum lycopersicum L.) and blackcurrant (Ribes
nigrum), presenting safer plant-based alternatives to synthetic
pesticides for vegetable and fruit production. However, the active
constituents and precise metabolic pathways of these extracts
remain unknown, requiring further investigation to optimize
their use.

Additionally, several medicinal plant extracts, although not
derived from MPW, have also been shown to be effective in
reducing disease incidence in crops such as rice, tomato, and sugar
beet by more than 50% in field trials (Supplementary Table S1).

To fully realize the potential of MPWSs, future studies
should identify and quantify their bioactive compounds and
evaluate their efficacy against various pathogens in diverse
crops through field trials. Detailed mechanistic studies should
investigate whether these compounds are responsible for direct
antimicrobial activity, the elicitation of plant defense responses,
or both. It is also important to optimize application methods
for different crops and environments, and assess any potential
environmental impact.

10.3389/fsufs.2025.1556604

Technically, developing standardized extraction methods
and optimizing processes to maximize the retention of effective
compounds during extraction will be crucial. Furthermore,
integrating MPW-based biopesticides into
(IPM)

technologies can enhance their efficacy and persistence.

Integrated Pest

Management system and advancing formulation

6 Conclusion

The processing of medicinal plants generates large amounts
of MPW biomass in the form of unused organs or tissues and
extraction residues, which are often discarded (Figure 1). Utilizing
these materials for biopesticide development offers the dual benefit
of advancing both environmental sustainability and the medicinal
plant industry (Figure 1). Valorizing these MPW can significantly
reduce environmental impacts by replacing synthetic chemical
pesticides while also supporting a circular bioeconomy (Khanna
etal., 2024). Furthermore, the development and commercialization
of MPW-based biopesticides could generate new revenue streams
within the sustainable agricultural sector, thereby supporting
economic growth.

Collaboration across sectors is essential to facilitate the
widespread adoption of MPW-based biopesticides in the field.
Government incentives and supportive policies can encourage
innovation and funding for MPW research. Research institutions

Medicinal Plants

* Plant Tissue Wastes

» Extraction Residues

Crop Plants

Pathogens —>

FIGURE 1

Valorization and Renewal

.\_’ for Disease Management

Medicinal Application
Products v

* Landfilling Diseases

« Stack, Incineration

* Open Burning, etc.

v

Healthcare * Environmental Pollution Yield and Quality
Medication * Public Health Risk Losses

» Waste of Bioresources

Valorization of medicinal plant residues for crop disease management. Medicinal plants are processed to produce healthcare and medicinal products
for human use (depicted by light blue arrows). This process generates by-products in the form of plant tissue waste and extraction residues. These
by-products are often disposed of through landfilling, stacking, or incineration, leading to environmental pollution and public health risks (black
arrows). Repurposing these materials for disease management in crops offers an eco-friendly, sustainable approach to agriculture (red lines). Arrows
and lines with a bar at the end indicate positive and negative regulation, respectively.
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are well-positioned to analyze the active compounds in MPWs,
optimize application methods, and ensure reliable efficacy across
diverse agricultural environments. Field trials with farmers and
agribusinesses are essential for gathering practical insights into
the effectiveness and feasibility of MPWs in real-world settings.
A coordinated multi-sector approach is critical for advancing
MPW-based solutions and promoting the sustainability of modern
agricultural practices.
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