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ARTICLE INFO ABSTRACT

Keywords: Growing concerns regarding the environmental and health impacts of synthetic pesticides have intensified the
Lippia f’lba' search for sustainable crop protection alternatives. Among plant-derived bioproducts, essential oils (EOs) have
E;sentlal oil attracted increasing attention due to their broad-spectrum biological activities and favourable environmental
gioe;el;)tti};?ges profile. In this context, Lippia alba (Mill.) N.E.Br. ex Britton & P. Wilson (L. alba, Verbenaceae), a chemically

diverse and agronomically adaptable aromatic species, has emerged as a promising source of botanical bio-
pesticides. This review synthesizes current knowledge on the geographical distribution, agronomic character-
istics, EO yield, and chemotype variability of L. alba. Particular attention is given to the relationship between
chemical composition and biological activity, highlighting the insecticidal, fungicidal, nematicidal, bactericidal,
and acaricidal properties reported against major agricultural pests and pathogens. Available evidence indicates
that citral-, carvone-, and linalool-rich chemotypes are among the most promising profiles for crop protection
applications. Beyond biological efficacy, this review examines the opportunities and limitations associated with
the valorization of L. alba EO as a commercial biopesticide. The species benefits from broad ecological adapt-
ability, ease of propagation, and growing demand for bio-based crop protection products. However, large-scale
deployment remains constrained by chemotype variability, standardization challenges, formulation limitations,
insufficient field validation, and regulatory barriers. By integrating agronomic, chemical, biological, techno-
logical, and socio-economic perspectives, this review identifies key knowledge gaps and highlights strategic
priorities to support the development of L. alba EO as a sustainable biopesticide within agroecological and
bioeconomy-oriented production systems.

Crop protection
Value chain development

1. Introduction 2014; Rattan, 2010). However, the continued dependence on synthetic
pesticides poses significant environmental, economic, and public health

The intensification of agriculture has led to the widespread use of challenges, including contamination of soil and water resources, harm-
synthetic pesticides, including insecticides, fungicides, and nematicides, ful effects on non-target organisms, the development of resistant pest
to control pests affecting crops and stored food products (Kaur and Garg, populations, and increasing societal concerns over food and
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environmental safety (Isman, 2006; Rattan, 2010; Villaverde et al.,
2016). These concerns, together with growing consumer awareness,
have stimulated interest in the development of more environmentally
friendly alternatives to conventional chemical pesticides (Chandler
et al.,, 2011). While regulatory frameworks governing the registration
and commercialization of biopesticides remain fragmented or under
development in many low- and middle-income countries (de Groot et al.,
2026), regulatory policies in the European Union and the United States
increasingly support the adoption of biopesticides through dedicated
legislative frameworks and progressive restrictions on synthetic pesti-
cides (Villaverde et al., 2016).

Within this context, biopesticides have emerged as promising alter-
natives to conventional synthetic pesticides (Regnault-Roger et al.,
2012). Among plant-derived biopesticides, essential oils (EOs) have
received increasing attention since the 1980s owing to their diverse
biological activities and their potential compatibility with sustainable
agricultural practices (Chandler et al., 2011; Rattan, 2010). These vol-
atile mixtures of secondary metabolites are characterized by complex
and highly variable chemical profiles, predominantly composed of ter-
penoids and phenylpropanoids (Isman, 2006; Tavares et al., 2011). Such
chemical complexity underpins a broad spectrum of biological activities,
including insecticidal, fungicidal, nematicidal, and repellent effects
against numerous agricultural pests and pathogens (Isman, 2006; Peix-
oto et al., 2015). In addition, their rapid biodegradability and
multi-target modes of action make EOs attractive candidates for inte-
grated pest management strategies, as they may reduce environmental
persistence and potentially delay the development of resistance
compared with conventional synthetic pesticides (Isman, 2006).

Numerous aromatic plants belonging to botanical families, such as
Lamiaceae, Myrtaceae, and Verbenaceae, have been investigated as
sources of botanical pesticides owing to the biocidal properties of their
EOs against a wide range of crop pests and post-harvest pathogens (Diop
et al., 2016; Shukla, 2018). However, the practical implementation of
many aromatic species as biopesticides remains limited by challenges
related to agronomic performance, biomass production, chemical stan-
dardization, and large-scale commercialization (Pavela and Benelli,
2016). Consequently, increasing attention has been directed toward
identifying species that combine biological efficacy, agronomic adapt-
ability and production feasibility.

Among these, Lippia alba (Mill.) N.E.Br. Ex Britton & P. Wilson
(L. alba, Verbenaceae), a perennial aromatic shrub native to South
America, has emerged as a particularly promising candidate owing to its
agronomic adaptability and the broad spectrum of biological activities
exhibited by its EO (Acero-Godoy et al., 2019; Biasi and Costa, 2003;
Gongalves et al., 2016; Marino et al., 2012). Like other aromatic species,
L. alba exhibits substantial chemical variability. However, the diversity
of chemotypes reported for this species, each characterized by distinct
dominant constituents, further expands its biopesticidal potential by
providing diverse activity profiles against different agricultural targets
(Da Silva Junior et al., 2019; Hennebelle et al., 2006; Villamil, 2010).
This remarkable diversity, while offering opportunities to tailor bio-
pesticide applications, also creates challenges for ensuring consistent
efficacy, product quality and reproducibility (Glamoclija et al., 2011;
Linde et al., 2016). Consequently, chemotype characterization and
standardization are essential for the development of reliable and
commercially viable biopesticide products (Glamoclija et al., 2011;
Linde et al., 2016; Siani et al., 2002).

Although previous reviews have examined the medicinal properties,
phytochemistry, and antimicrobial activities of L. alba, its potential as a
botanical biopesticide has rarely been assessed through an integrated
agronomic, industrial, and socio-economic perspective. In particular,
limited attention has been given to the relationships between chemotype
diversity, biological efficacy, production constraints, and value-chain
development. To address this gap, the present review critically exam-
ines the potential of L. alba EO for crop protection applications. We
synthesize current knowledge on its geographical distribution,
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agronomic characteristics, chemical variability, and biocidal activities,
with particular emphasis on the links between chemotype composition
and pest management performance. In addition, we discuss key factors
influencing its valorization, including formulation challenges, regula-
tory considerations, market opportunities, and production constraints.

2. Botanical characteristics, geographical distribution, and
ecological adaptability of Lippia alba

L. alba is a perennial aromatic shrub belonging to the Verbenaceae
family. The species typically exhibits a bushy growth habit with long,
slender branches that can reach up to 2 m in height (Acero-Godoy et al.,
2019; Hennebelle et al., 2006; Villamil, 2010). Its leaves are petiolate,
oppositely decussate, elliptical, and characterized by serrated margins
and a rugose, pubescent surface (Barros et al., 2022; Hennebelle et al.,
2008). Of particular importance for its economic value, the leaf
epidermis contains abundant glandular trichomes that serve as the pri-
mary sites for the biosynthesis, secretion, and storage of the volatile
metabolites constituting the EO (Tavares et al., 2011). The plant pro-
duces small hermaphroditic flowers (3-5 mm) grouped in capitate in-
florescences with tubular corollas ranging from white to deep violet,
followed by fruits that split into two indehiscent nutlets at maturity
(Hennebelle et al., 2008; Villamil, 2010).

Native to South America, particularly Brazil, L. alba occurs across a
broad range of ecological conditions, from seasonally dry environments
to humid tropical ecosystems (Barros et al., 2022; Ciccio and Ocampo,
2010; Linde et al., 2016). Fig. 1 summarizes the countries and regions in
which the species has been reported in the literature. These records
indicate a wide geographical occurrence extending beyond its native
range, including the Caribbean (Hennebelle et al., 2006), parts of
Southern Europe (Ricciardi et al., 2009), and several tropical regions of
Asia and Africa (Linde et al., 2016). In West Africa, occurrences have
been documented in Cote d’Ivoire, Cameroon, Burkina Faso, and
Senegal (Bationo et al., 2024; Coulibaly et al., 2024; Ernest et al., 2025;
Sabaly et al., 2024). However, the distribution illustrated in Fig. 1
should not be considered exhaustive, as it reflects available literature
records rather than the full ecological range of the species. Given its
adaptability to diverse climatic and edaphic conditions, L. alba is likely
capable of establishment in additional regions presenting similar envi-
ronmental conditions.

From a crop development perspective, the broad ecological ampli-
tude of L. alba represents a valuable asset. The species is capable of
thriving under contrasting agroecological conditions, including envi-
ronments exposed to water stress, suggesting considerable potential for
decentralized biomass production across tropical and subtropical re-
gions (Alvarez et al., 2015; Sa Filho et al., 2022; Yamamoto et al., 2008).
In addition, L. alba can be readily propagated vegetatively, facilitating
the rapid multiplication of selected plant material and the preservation
of desirable chemotypes (Biasi and Costa, 2003). This characteristic is
particularly advantageous for commercial cultivation, as it may
contribute to reducing genetic variability and improving the consistency
of EO yield and composition.

3. Lippia alba essential oil
3.1. Extraction technologies and process optimization

The production of EO from L. alba relies on distillation-based tech-
niques, whose selection depends largely on the intended production
scale and application. At the laboratory scale, hydrodistillation using a
Clevenger-type apparatus remains the most widely employed method
for EO isolation, chemical characterization, and bioactivity evaluation
(Villamizar-Veéliz and Aular, 2022). For industrial production, particu-
larly in the context of botanical biopesticides, steam distillation is
generally preferred because of its higher processing capacity, opera-
tional efficiency, and suitability for large-scale implementation (Burt,
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Fig. 1. Geographic occurrence of Lippia alba reported in the literature. Map compiled using World Flora Online data (WFO, 2026), and supplemented with records
reported by Coulibaly et al. (2024), Bationo et al. (2024), Sabaly et al. (2024), Linde et al. (2016), Ernest et al. (2025).

2004; Pavela, 2015).

The choice of extraction parameters, specifically distillation time,
can significantly affect both yield and the quality of the EO (Linde et al.,
2016; Stashenko et al., 2004). For L. alba, hydrodistillation durations
reported in the literature range from 1 to 6 h (Duran et al., 2007; Gla-
moclija et al., 2011; Sabaly et al., 2023; Tubay-Bermudez et al., 2024).
However, kinetic studies indicate that most of the EO is recovered within
the first 45 min of distillation (Martinez et al., 2007), suggesting that
unnecessarily prolonged extraction may increase the risk of thermal
degradation or loss of thermolabile and highly volatile constituents
without substantially improving EO recovery. Conversely, steam distil-
lation generally provides better control of thermal conditions, preser-
ving these active, thermolabile constituents more effectively than
prolonged hydrodistillation (Regnault-Roger et al., 2012).

Alternative extraction technologies have also been explored for
L. alba. Microwave-assisted hydrodistillation (MAHD), in particular, has
been reported to reduce extraction time and energy consumption while
maintaining EO quality (Borromeo et al., 2025; Duran et al., 2007;
Villamizar-Véliz and Aular, 2022).

3.2. Essential oil yield: agronomic and technical determinants

For the commercial development of L. alba EO-based biopesticides,
EO yield is a major determinant of production feasibility, strongly
influenced by intrinsic and extrinsic factors. Intrinsic factors include
genotype, plant age, phenological stage, and the organs harvested,
whereas extrinsic factors encompass climatic conditions, soil charac-
teristics, water availability, solar radiation, temperature, cultivation
practices, post-harvest handling, and extraction methodology (Mugao,
2024; Teles et al., 2012).

Among these factors, climatic conditions have been shown to
significantly influence EO productivity. For instance, Barros et al. (2022)
reported a significant correlation (p < 0.05) between L. alba EO yield
and climatic variables such as rainfall, relative humidity, and solar ra-
diation, which partly explain the substantial differences observed
among growing regions and seasons (Dias Alves et al., 2026; Stashenko
et al., 2004). The type of plant material subjected to distillation also

influences EO recovery. While some studies focus exclusively on leaves,
others process aerial parts composed of leaves and stems or include in-
florescences harvested before or during flowering, resulting in different
yield profiles (Fischer et al., 2004; Garcia-Abarrio et al., 2014; Teles
et al., 2012; Tubay-Bermudez et al., 2024).

The drying process is one of the most critical factors influencing EO
yield. Leaves are typically dried under shade at ambient temperature for
up to 6 days or in forced-air ovens at 40-50 °C until reaching a moisture
equilibrium of approximately 10% (Barbosa et al., 2006; Da Silva Jtnior
et al., 2019; Garcia-Abarrio et al., 2014; Teles et al., 2012). Under
ambient drying conditions, Martinez et al. (2007) identified an optimal
drying period of approximately 4 days. Barbosa et al. (2006) reported
higher EO yields from fresh leaves than from dried material, indicating
that volatile compounds are progressively lost during the drying process.
Consistent with these observations, prolonged drying periods (> 6 days)
have been associated with significant reductions in EO yield (Alvarez
et al., 2015; Conde-Hernandez et al., 2021), likely due to the evapora-
tion and degradation of volatile constituents.

Consequently, EO yields vary widely across studies. For dried
biomass, hydrodistillation yields range from 0.2% to 0.4% in Uruguay
(Lorenzo et al., 2001) and approximately 0.7% in Spain (Garcia-Abarrio
etal., 2014), to around 1.0% in Ecuador (Tubay-Bermudez et al., 2024),
reaching 2.2-4.3% in Brazilian accessions harvested during the rainy
season (Da Silva Junior et al., 2019). For fresh biomass, hydrodistillation
of leaves generally yields between 0.2% and 0.9% in Brazil (Glamoclija
etal., 2011; Siani et al., 2002) and up to 0.8% in India (Bahl et al., 2000).
Alternative extraction methods may further enhance EO recovery. For
example, microwave-assisted hydrodistillation applied to fresh aerial
parts in Colombia produced yields ranging from 0.3% to 2.5% (Duran
et al., 2007; Stashenko et al., 2004)

Overall, the wide range of EO yields reported for L. alba reflects the
combined influence of growing environment, harvested plant material,
post-harvest processing, and extraction methodology. Because these
same factors also influence EO composition, agronomic and technolog-
ical optimization should be integrated with chemotype selection to
ensure both high productivity and chemical consistency (Alvarez et al.,
2015).
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3.3. Chemical composition and variability of Lippia alba essential oil

L. alba EO is characterized by remarkable chemical diversity, which
distinguishes this species from many other aromatic plants and un-
derpins its broad range of biological activities (Tavares et al., 2005).
Like most EOs, it is composed predominantly of mono- and sesquiter-
penes, including both hydrocarbon and oxygenated derivatives such as
alcohols, aldehydes, ketones, esters, and oxides, together with smaller
proportions of phenylpropanoids (Dhifi et al., 2016; Eslahi et al., 2017;
Tavares et al., 2011). The relative abundance of these constituents varies
considerably among populations, giving rise to distinct chemical profiles
known as chemotypes (Table 1) (da Silva et al., 2018; Figueiredo, 2017).

Several chemotypes have been described for L. alba, defined by the
predominance of one or a few major constituents. The most common
include citral (neral and geranial isomers), carvone, linalool, limonene,
and geraniol chemotypes, although other less frequent profiles have also
been reported (Barros et al., 2022; Da Silva Junior et al., 2019; Gla-
moclija et al., 2011; Ospina et al., 2016). To date, most chemotype
characterization studies have been conducted in Latin America,
reflecting the native distribution of the species (Barros et al., 2022;
Tubay-Bermudez et al., 2024). Citral- and geraniol-rich chemotypes are
commonly reported in Brazil and Colombia (Glamoclija et al., 2011;
Ospina et al., 2016), whereas carvone- and linalool-rich oils have been
identified across several Latin American countries and in India (Bahl
et al., 2000; Da Silva Junior et al., 2019; Lorenzo et al., 2001; Tavares
et al.,, 2005). Less common chemotypes include myrcene-rich pop-
ulations in Argentina, y-terpinene-rich accessions in Brazil, and
camphor/1,8-cineole chemotypes in Uruguay (Hennebelle et al., 2006).
Although information remains scarce for the African continent, recent
studies have reported highly concentrated citral chemotypes in Cote
d'Tvoire and Senegal, suggesting that this profile may also be prevalent in
West African populations (Coulibaly et al., 2024; Sabaly et al., 2024).

These chemotypes result from complex interactions between genetic
background and multiple environmental factors rather than from the
effect of a single variable (Sa Filho et al., 2022). While the qualitative
profile of an EO is largely genetically controlled, environmental condi-
tions such as soil characteristics, water availability, temperature,
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altitude, and seasonal fluctuations can significantly influence the rela-
tive abundance of major constituents (Barra, 2009; Do Nascimento
Soares et al., 2019). Consequently, L. alba populations may exhibit
substantial quantitative differences in their volatile composition
depending on cultivation conditions and harvest period (Ricciardi et al.,
2009). Despite this well-established influence of genotype and envi-
ronment, the processes driving the exceptional chemotypic diversity of
L. alba are still not fully elucidated and deserve further investigation.

From an industrial perspective, this phytochemical variability rep-
resents both a challenge and an opportunity. On one hand, fluctuations
in EO composition can complicate product standardization and affect
the reproducibility of biological activity. On the other hand, the exis-
tence of multiple chemotypes offers the possibility of selecting plant
material enriched in specific bioactive compounds according to the
intended application (de Morais et al., 2022; Glamoclija et al., 2011;
Siani et al.,, 2002). Therefore, the identification of stable,
high-performing chemotypes and the evaluation of their compositional
consistency across cultivation environments are essential steps toward
the development of standardized L. alba-based biopesticides.

4. Biological activities and valorization potential of Lippia alba
essential oil

Owing to its complex and chemically diverse composition, L. alba EO
exhibits a wide variety of biological activities that have attracted
considerable interest for pharmaceutical, food, cosmetic, and agricul-
tural applications. Numerous studies have reported antimicrobial,
antifungal, antiparasitic, insecticidal, anxiolytic, antioxidant, and cyto-
toxic properties, many of which have been linked to major constituents
such as citral, carvone, geraniol, limonene, and linalool (Mesa-Arango
et al., 2009; Quintero-Garcia et al., 2024; Roxana Soto-Vasquez et al.,
2018; Sales et al., 2022). Although most of these biological effects have
been demonstrated under in vitro conditions, they collectively highlight
the significant valorization potential of this species. Therefore, while
acknowledging the broader pharmaceutical and industrial relevance of
L. alba, this review focuses primarily on the biological activities that
support its potential use in crop protection and post-harvest pest

Table 1
Major reported chemotypes of Lippia alba essential oils along with their dominant compounds and geographical origins.
Chemotype Chemical class Major Compounds (%) Plant part Origin (Location) References
Citral Oxygenated Citral (53.90), a-guaiene (6.30), Leaves France Hennebelle et al. (2006)
monoterpene ocimene (6.70) (Guadeloupe)
Citral (35.58),geraniol (17.63), Leaves Brazil Tavares et al. (2005)
limonene (7.96)
Citral (39.90),E-carveol (25.40) Leaves Brazil De Souza et al. (2017)
Citral (58-76.40), geraniol (7—14) Leaves and Colombia Lopez et al. (2011); Ospina et al. (2016)
flowers
Citral (35.33), geraniol (14.52) Leaves Cote d’Ivoire Coulibaly et al. (2024)
Citral (84.30) Leaves Brazil Glamoclija et al. (2011)
Citral (81.20) Leaves Senegal Sabaly et al. (2024)
Carvone Oxygenated Carvone (52.80-67.80), limonene Leaves France (Guiana) Hennebelle et al. (2006); Tavares et al.
monoterpene (16.98-18.50) (2005)
Carvone (49.60-52.80), limonene Leaves Brazil Olivero-Verbel et al. (2014); Perez-Cordero
(17-26) et al. (2018)
Linalool Oxygenated Linalool (60.10-66.60) Leaves Brazil Fontana et al. (2021); Tavares et al. (2005)
monoterpene Linalool (65.20-69.20) Leaves India Bahl et al. (2000); Saroj et al. (2019)
Limonene/ Monoterpene Limonene (43.60), piperitone (30.60) Aerial parts Guatemala Senatore, Rigano, (2001)
piperitone hydrocarbon
Geraniol Oxygenated Geraniol (46.90), elemol (22.20) Leaves Brazil Barros et al. (2022)
monoterpene
Tagetenone Oxygenated Tagetenone (71) Leaves and Guatemala Hennebelle et al. (2006)
monoterpene flowers
Myrcene Monoterpene Myrcene (42), camphene (30) Aerial parts Argentina
hydrocarbon
y-Terpinene Monoterpene y-Terpinene (46) Leaves Brazil
hydrocarbon
Camphor/1,8- Oxygenated Camphor (18), 1,8-cineole (16) Leaves Uruguay

cineole monoterpenes
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management.
4.1. Application of Lippia alba essential oil in crop protection

The broad range of agricultural pests and pathogens targeted by
L. alba EO underscores its potential as a versatile plant-based pesticide.

4.1.1. Insecticidal and repellent activities

The insecticidal activity of L. alba EO has been extensively docu-
mented, particularly against stored-product pests and major crop in-
sects. In fumigation assays, a linalool-rich chemotype completely
disrupted the life cycle of Callosobruchus maculatus, with a median lethal
concentration (LCso) of 0.1 mg/mL of air (Torre et al., 2024). This result
highlights the relevance of linalool-rich oils for post-harvest protection.
Contact toxicity has also been reported. Against third-instar larvae of
Spodoptera frugiperda, different EO profiles, such as citral- and
limonene-rich, produced median lethal doses (LDso) ranging from 1.20
to 1.56 ug/mg per insect (Niculau et al., 2013). In another study, a
carvone-rich EO induced 81.94% mortality in adults of Acanthoscelides
obtectus after spray application at 120 pL/Petri dish (Rodriguez
Gonzalez et al., 2020). In addition to direct toxicity, L. alba EO shows
strong repellent activity. A carvone- and limonene-rich chemotype
achieved 70% repellency against Tribolium castaneum after 24 h at
52 uL/L (Ringuelet et al., 2014). More recently, both citral- and
carvone-rich chemotypes produced complete repellency against Ulo-
moides dermestoides at 16 pL/mL (Caballero-Gallardo et al., 2023). This
suggests that different chemotypes may be suited to different
insect-management strategies, with linalool-rich oils showing fumigant
potential and carvone/citral-rich oils showing strong contact or repel-
lent effects.

4.1.2. Fungicidal activities against phytopathogenic fungi

L. alba EO has also demonstrated substantial antifungal activity
against a broad range of phytopathogenic fungi. Rao et al. (2000) re-
ported complete inhibition of spore germination in Ustilago scitaminea,
Colletotrichum falcatum, and Curvularia lunata at a concentration of
3 uL/mL. In the same study, the EO exhibited minimum inhibitory
concentrations (MICs) ranging from 500 to 2000 ppm (0.5-2 mg/mL)
against Colletotrichum falcatum, Fusarium moniliforme, Curvularia lunata,
and Cephalosporium paradoxum. Notably, these MIC values were com-
parable to, and in some cases lower than, those obtained for conven-
tional fungicides such as carbendazim, copper oxychloride, and
mancozeb, which displayed MICs between 2000 and 4000 ppm
(2-4 mg/mL) under identical experimental conditions. Similar levels of
activity were reported by Glamoclija et al. (2011), who observed MIC
values ranging between 0.3 and 1.25 mg/mL against several fungal
species including Aspergillus spp., Penicillium spp., and Trichoderma vir-
ide. Although the reference antifungal agents ketoconazole and bifona-
zole showed greater potency, with MICs between 0.025 and 0.5 uL/mL,
L. alba EO nevertheless exhibited significant inhibitory effects.

The antifungal efficacy of L. alba EO is also strongly influenced by its
chemical profile. Among the chemotypes described, citral-rich oils
consistently exhibit the highest antifungal activity (Glamoclija et al.,
2011; Pandey et al., 2016; Peixoto et al., 2018; Rao et al., 2000; Sabaly
et al., 2024). For instance, Peixoto et al. (2018) reported a Minimum
Fungicidal Concentration (MFC) of 0.5 pL/mL against Lasiodiplodia
theobromae and a MIC of 1 pL/mL against Fusarium solani. Likewise, a
citral-rich chemotype completely inhibited the growth of Aspergillus
flavus at 1000 ppm (1 mg/mL) (Sabaly et al., 2024), while complete
inhibition of Alternaria solani was achieved at concentrations ranging
from 0.5 to 1.5 uL/mL (Tomazoni et al., 2016). Other chemotypes also
display relevant antifungal properties. For example, a linalool-rich
chemotype inhibited the mycelial development of Fusarium spp. and
Sclerotinia sclerotiorum at 1.4 and 0.4 pL/mL, respectively (Fontana
et al., 2020).

Beyond growth inhibition, L. alba EO also exhibits noteworthy
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antimycotoxigenic activity. Pandey et al. (2016) demonstrated that a
citral-rich chemotype inhibited both the development of A. flavus and
the production of aflatoxin B1 (AFB+) at 2 uL/mL. This effect is consistent
with the activity of its major constituents, as pure geranial completely
suppressed AFB.1 production at only 0.6 uL/mL (Shukla et al., 2009). The
ability to simultaneously inhibit fungal growth and mycotoxin biosyn-
thesis represents a particularly valuable attribute for post-harvest pro-
tection and food preservation applications.

4.1.3. Nematicidal activities against root-knot nematodes

Several studies have highlighted the strong nematicidal activity of
L. alba EO against root-knot nematodes (Meloidogyne spp.), one of the
most economically damaging groups of plant-parasitic nematodes
worldwide (De Souza, 2017; Gongalves et al., 2016). Early evidence was
provided by Marino et al., (2012), who reported that a linalool-rich
chemotype containing 60.6% linalool induced 98.9% mortality in
second-stage juveniles (J2) of Meloidogyne incognita race 1 at a concen-
tration of 20 uL/mL. Subsequent studies demonstrated that this activity
is not restricted to a single chemotype. Gongcalves et al. (2016) evaluated
citral-rich EO and observed mortality rates exceeding 96% at 500 ppm,
increasing to 99.6% at 1000 ppm against M. incognita juveniles. Addi-
tional evidence was provided by De Souza (2017), who reported com-
plete mortality (100%) of M. javanica juveniles under in vitro conditions
at 32 uL/mL of L. alba EO, while parallel in vivo trials on lettuce plants
also confirmed strong nematicidal activity, with substantial reductions
in gall numbers and egg masses, suggesting that the efficacy of L. alba EO
extends beyond laboratory bioassays and remains effective under more
realistic biological conditions.

4.1.4. Bactericidal activities against phytopathogenic bacteria

Although less extensively investigated than its antifungal or insec-
ticidal properties, L. alba EO has also demonstrated antibacterial activity
against several bacteria of agricultural and post-harvest importance.
Available studies indicate that the efficacy of the EO is influenced by its
chemical composition, with certain chemotypes exhibiting stronger
antibacterial effects than others. Godoy et al. (2020) reported that
limonene- and carvone-rich chemotypes inhibited the growth of Xan-
thomonas axonopodis and Ralstonia spp., two major phytopathogenic
bacteria responsible for significant crop losses, at a concentration of
28 mg/mL. Antibacterial activity has also been reported against
storage-associated bacteria. Pandey et al. (2012) observed growth in-
hibition of Erwinia herbicola and Pseudomonas putida at minimum con-
centrations of 4 uL/mL, indicating that L. alba EO may contribute not
only to crop protection but also to the preservation of stored agricultural
products. This reported efficacy against both phytopathogenic and
storage-related bacteria highlights the potential of L. alba EO as a
complementary tool for integrated disease management.

4.1.5. Acaricidal activities against agricultural mites

The acaricidal potential of L. alba EO has been demonstrated against
phytophagous mites, particularly Oligonychus coffeae, a major pest
affecting tea and several other perennial crops. Deka et al., (2021) re-
ported that a geraniol- and neral-rich chemotype exhibited pronounced
toxicity toward adult mites, achieving 100% mortality 48 h after fumi-
gation at a concentration of 1500 ppm. In addition to its adulticidal
activity, the same EO displayed remarkable ovicidal effects, reducing
egg hatchability by 99.9% at 1000 ppm. The simultaneous efficacy
against both adults and eggs is particularly noteworthy, as it may
contribute to more effective population suppression by targeting mul-
tiple developmental stages of the pest. These findings suggest that ge-
raniol- and neral-rich chemotypes of L. alba could represent promising
candidates for the management of phytophagous mites.

It should be emphasized that most of the biological activities docu-
mented for L. alba EO have been demonstrated under controlled labo-
ratory bioassays, whereas evaluations under greenhouse, semi-field, or
commercial storage conditions remain limited. Accordingly, the
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translation of these promising laboratory findings into consistent per-
formance under practical conditions should be interpreted with caution,
as strong biological activity under controlled conditions does not
necessarily translate into robust agronomic or storage efficacy
(Arteaga-Ojeda et al., 2026). Future research should therefore prioritize
field-scale evaluations to confirm the agronomic relevance of these
promising laboratory activities. Nevertheless, taken together, the bio-
logical activities reported for L. alba EO suggest a particularly promising
application in post-harvest protection systems. Stored commodities such
as maize, cowpea, peanut, and other cereal and legume grains are
frequently exposed to co-infestations by insect pests and mycotoxigenic
fungi (Table 2), resulting in substantial quantitative and qualitative
losses, particularly in tropical and subtropical regions (Lamboni and
Hell, 2009; Pandey et al., 2016; Peixoto et al., 2015; Torre et al., 2024).
Current management strategies still rely largely on synthetic fumigants
and fungicides, including phosphine and mancozeb, despite increasing
concerns regarding resistance development, operator safety, and
chemical residues in food products (Gueye et al., 2011; Hassane et al.,
2025; Torre et al., 2024).

In this context, the multifunctional activity of L. alba EO represents a
major advantage. Several chemotypes have demonstrated complemen-
tary biological activities against important stored-product pests and
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fungi (Table 2). Linalool- and carvone-rich oils exhibit insecticidal and
repellent activities against storage insects, whereas citral-rich chemo-
types display strong antifungal and antimycotoxigenic effects against
A.  flavus, including inhibition of aflatoxin  production
(Caballero-Gallardo et al., 2023; Niculau et al., 2013; Pandey et al.,
2016; Shukla et al., 2009). However, bioactivities likely result not only
from dominant compounds but also from additive or synergistic in-
teractions among minor constituents. Further constituent-by-constituent
investigations would therefore be needed to disentangle individual
contributions and better characterize these interaction effects.

4.2. Molecular and physiological mechanisms of action

While the biological activities of L. alba EO are increasingly docu-
mented, understanding the molecular and physiological mechanisms
underlying these effects remains essential for its rational development as
a biopesticide. Among the different biological activities reported, the
molecular basis of insecticidal and antifungal effects is currently the best
characterized; consequently, Fig. 2 highlights these two major modes of
action and their relevance for post-harvest grain protection. Mechanistic
studies not only help explain the broad-spectrum activity of the EO but
also provide valuable information for optimizing field applications,

Table 2
Biological activities of Lippia alba essential oil chemotypes against major agricultural pests and pathogens.
Chemotype Target pests Pest Mode of action Experimental Effective dose (unit) References
category condition
Carvone Acanthoscelides Insect Lethal effect Laboratory/ 120 uL/Petri dish Rodriguez Gonzalez et al.
obtectus in vitro (2020)
Ulomoides Insect Repellent Laboratory/ 16 pyL/mL Caballero-Gallardo et al.
dermestoides in vitro (2023)
Citral Ustilago scitaminea Fungi Spore germination inhibition Laboratory/ 3 uL/mL Rao et al. (2000)
Colletotrichum in vitro (MIC)
falcatum
Curvularia lunata
Aspergillus flavus Fungi Myecelial growth inhibition Laboratory/ 1 mg/mL Sabaly et al. (2024)
in vitro (MIC)
Spodoptera frugiperda Insect Acute toxicity Laboratory/ 1.24 pg/mg Dos Santos Niculau et al.
in vitro (LDso) (2013)
Alternaria solani Fungi Mycelial growth inhibition Laboratory/ 0.5-1.5 (uL/mL) Tomazoni et al. (2016)
in vitro
Lasiodiplodia Fungi Myecelial growth inhibition Laboratory/ 1 pL/mL (MIC) Peixoto et al. (2018)
theobromae in vitro
Aspergillus flavus Fungi Mycelial growth inhibition Laboratory/ 0.3-1.25 mg/mL Glamoclija et al. (2011)
in vitro (MIC)
Ulomoides Insect Repellent Laboratory/ 16 yL/mL Caballero-Gallardo et al.
dermestoides in vitro (2023)
Meloidogyne incognita Nematode Lethal effect Laboratory/ 500-1000 ppm Gongalves et al. (2016)
in vitro
Citral/ Aspergillus flavus Fungi Growth suppression and aflatoxin Laboratory/ 2 uL/mL Pandey et al. (2016)
myrcene inhibition in vitro (MIC)
Limonene/ Xanthomonas Bacteria Growth inhibition Laboratory/ 28 mg/mL Godoy et al. (2020)
carvone axonopodis in vitro
Carvone/ Ralstonia sp.
limonene Tribolium castaneum Insect Repellent Laboratory/ 52 uL/L Ringuelet et al. (2014)
in vitro
Spodoptera frugiperda Insect Acute toxicity Laboratory/ 1.20 pg/mg (LDso) Dos Santos Niculau et al.
in vitro (2013)
Linalool Sclerotinia Fungi Antifungal activity Laboratory/ 0.4-1.4 pL/mL Fontana et al. (2020)
sclerotiorum in vitro (MIC)
Callosobruchus Insect Life cycle disruption Laboratory/ 0.1 mg/mL (LCso) Torre et al. (2024)
maculatus in vitro
Spodoptera frugiperda Insect Acute toxicity Laboratory/ 1.56 ug/mg (LDso) Dos Santos Niculau et al.
in vitro (2013)
Meloidogyne incognita Nematode Lethal effect Laboratory/ 20 uL/mL Marino et al. (2012)
in vitro
Non- Meloidogyne javanica Nematode Lethal effect Laboratory/ 32 uL/mL De Souza et al. (2017)
specified” in vitro and
Greenhouse/

pot experiment

# Chemical composition was not reported in the original study. MIC: minimum inhibitory concentration; LDso: median lethal dose; LCso: median lethal concentration.
Doses are presented in their original units, as reported by the authors, because bioassay conditions and dose-expression methods differed across studies.
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Fig. 2. Unraveling the dual insecticidal and antifungal mechanisms of Lippia alba essential oil for sustainable post-harvest grain protection. Mechanisms reflect direct

evidence from the whole essential oil/chemotypes, except those marked (*), which

predicting potential resistance risks, and selecting the most appropriate
chemotypes for specific targets.

In insect pests, direct evidence obtained with L. alba chemotypes
suggests that their insecticidal activity may involve neurophysiological
disruption. Studies of citral- (LA1), carvone- (LA2), and linalool-rich
(LA3) chemotypes reported inhibition of acetylcholinesterase (AChE),
a key enzyme involved in cholinergic neurotransmission (Silva Junior
et al., 2024). Additional evidence from studies of isolated compounds
indicates that citral and carvone can interfere with synaptic trans-
mission by reducing presynaptic Ca®* influx and neurotransmitter
release at the neuromuscular junction, as demonstrated in Drosophila
melanogaster (da Silva et al., 2018). These constituent-level mechanisms
may contribute to the insecticidal activity observed for L. alba, although
their contribution to the activity of the complete EO remains to be
established (Fig. 2).

In phytopathogenic fungi, the antifungal activity of L. alba EO ap-
pears to involve multiple complementary mechanisms (Fig. 2). At the EO
level, citral-rich oils have been shown to contribute to the suppression of
AFB; biosynthesis in Aspergillus flavus (Pandey et al., 2016; Shukla et al.,
2009). Evidence from studies of citral showed that it disrupts mito-
chondrial oxidative phosphorylation and induces massive reactive ox-
ygen species (ROS) accumulation in Penicillium digitatum, accompanied
by a loss of mitochondrial membrane potential, depletion of intracel-
lular ATP, and membrane damage (OuYang et al., 2018). These findings
are consistent with the antifungal activity reported for citral as an iso-
lated compound against Aspergillus flavus and Aspergillus ochraceus,
where citral was shown to downregulate genes involved in fungal
sporulation and growth, thereby inhibiting fungal development (Tang
et al., 2018).

In plant-nematode systems, the available mechanistic evidence is
also derived mainly from studies of individual constituents rather than
from the complete L. alba EO. In tomato plants infested with Meloidogyne
incognita, carvone and linalool stimulated the expression of the defense-
related genes Pathogenesis-Related Protein 1 and Phenylalanine Ammonia-

are inferred from isolated constituents.

Lyase, indicating the induction of systemic acquired resistance in host
tissues (Elsharkawy et al., 2022). These results suggest that constituents
present in some L. alba chemotypes may contribute not only to direct
nematicidal effects but also to the activation of plant defense responses.

The molecular basis of the antibacterial activity of L. alba EO remains
less well understood. Most available evidence originates from studies
conducted on isolated monoterpenes rather than on the complete EO.
Citral has been shown to alter cell wall integrity and disrupt cytoplasmic
organization in Xanthomonas citri subsp. citri (Mirzaei-Najafgholi et al.,
2017), whereas linalool can interfere with the Psyl/PsyR
quorum-sensing system of Pseudomonas syringae pv. tomato, thereby
reducing bacterial communication and virulence (Deepa et al., 2022).
These observations suggest that EO constituents may affect both bac-
terial survival and pathogenicity.

Current evidence therefore indicates that the biological activity of
L. alba EO may involve multiple and potentially complementary mech-
anisms, including neurotoxicity, membrane disruption, oxidative stress
induction, inhibition of microbial virulence, and activation of plant
defense pathways. However, the level of evidence supporting these
mechanisms differs substantially. Whereas some effects have been
directly demonstrated using L. alba EO or specific chemotypes, others
are inferred from the documented activities of their major constituents.
Future investigations should therefore prioritize whole-EO approaches,
comparative studies among chemotypes, and the identification of
experimentally validated molecular targets that could explain the vari-
ability in biological activity reported across L. alba populations.

4.3. Ecotoxicity and biosafety considerations

The increasing interest in plant-derived biopesticides is largely
driven by their perceived environmental compatibility compared with
many conventional synthetic pesticides. In this context, L. alba EO has
been proposed as a potentially lower-persistence alternative; however,
the available evidence remains insufficient to conclude that it is
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environmentally safer than conventional pesticides (Giunti et al., 2022).
In particular, the effects of L. alba EO and its formulated products on
non-target organisms require further evaluation across different expo-
sure pathways and environmental compartments.

Data on beneficial arthropods, including natural enemies and polli-
nators, are still lacking for L. alba EO. Available evidence from closely
related Lippia species provides preliminary indications of comparatively
low toxicity to pollinators. Matos et al. (2021) demonstrated that the EO
of Lippia sidoides and its major constituents exhibited substantially lower
toxicity to the stingless bee Nannotrigona aff. testaceicornis than synthetic
organosulfur insecticides. Although species-specific evaluations remain
necessary, these findings provide an initial indication that some Lip-
pia-derived EOs may pose lower risks to beneficial insects than certain
chemical alternatives.

Evidence for effects on soil organisms is currently more limited and is
not always directly applicable to the EO itself. Regarding soil organisms,
recent findings showed that solid residues from L. alba did not cause
observable toxicity to the earthworm Eisenia andrei and may therefore be
suitable for composting and vermicomposting (Cristina Noa-Rodriguez
et al., 2025). Although these results concern post-distillation residues
rather than the EO itself, they provide preliminary evidence of limited
toxicity toward soil organisms. However, higher concentrations of
aqueous extracts showed moderate phytotoxic effects, highlighting the
importance of distinguishing between EO, its residues, and other
plant-derived preparations when assessing environmental safety.

Aquatic organisms have also been investigated in several studies.
Acute exposure studies in juvenile Astyanax lacustris reported mortality
only at 20 mg/L after 96 h, while concentration-dependent gill lesions
and behavioral alterations were observed, particularly at concentrations
> 10 mg/L (Oliveira et al., 2025). Similarly, L. alba EO showed acute
toxicity toward Daphnia magna, with a 48-h ECso of approximately
3.59 mg/L (Miura et al., 2021). In Colossoma macropomum, concentra-
tions that achieved complete efficacy against monogenean parasites also
caused physiological stress and severe gill lesions, indicating a narrow
margin between antiparasitic efficacy and host safety under these
exposure conditions (Soares et al., 2016). In contrast, short-term expo-
sure to L. alba EO at concentrations used for anesthesia did not produce
detectable genotoxic effects in Astyanax lacustris and Oreochromis nilo-
ticus (Nascimento et al., 2020). Together, these findings indicate that
aquatic risk cannot be characterized solely in terms of acute mortality,
but depends strongly on concentration, exposure context, and the bio-
logical endpoint considered.

Available toxicological data in mammals also highlight the impor-
tance of exposure conditions. Olivero-Verbel et al. (2010) reported
neurotoxic effects and mild hepatic inflammation in mice following
intraperitoneal administration of a high dose (1500 mg/kg) of citral-rich
L. alba EO. In contrast, Neira (2018), who evaluated the toxicological
profile of different Lippia chemotypes, reported no clinical signs of
toxicity or skin irritation following topical application of citral-rich
L. alba EO in mice. These contrasting outcomes illustrate the impor-
tance of considering chemotype, dose, and route of exposure when
extrapolating toxicological risks from laboratory studies.

From a human health perspective, dermal contact and inhalation
constitute the principal routes of exposure during handling and appli-
cation (Maes et al., 2021). In this regard, several major compounds
characterizing the main L. alba chemotypes, including citral, linalool,
geraniol and limonene, are listed among the fragrance allergens recog-
nized by the European Commission, warranting specific attention to
dermal sensitization risks (Scientific Committee, 2012). Appropriate
protective measures and good agricultural practices can substantially
reduce operator exposure and associated risks (Maes et al., 2021).
Human-health assessment should therefore be incorporated into the
development of L. alba-based products alongside their intended agri-
cultural use.

Regarding environmental fate, EOs generally undergo rapid degra-
dation and have low environmental persistence compared with many
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synthetic pesticides (Isman, 2020). These characteristics may reduce
long-term environmental accumulation and contribute to a lower
ecological footprint. However, the environmental safety of EO-based
products also requires consideration of the formulation used for de-
livery. Although encapsulation can improve the stability and controlled
release of EO constituents, its environmental and safety implications
remain insufficiently characterized (Yammine et al., 2024). Potential
effects on environmental exposure and non-target organisms should
therefore be evaluated for the final formulated product rather than
inferred solely from toxicity data obtained with the pure EO (Maes et al.,
2019).

Overall, the available evidence does not yet allow a comprehensive
assessment of the environmental safety of L. alba EO. The available
studies indicate that toxicity can vary substantially according to the
target organism, concentration, exposure route, formulation, and bio-
logical endpoint. Standardized, exposure-relevant studies covering
beneficial arthropods, soil and aquatic organisms, environmental fate,
and formulated products are therefore needed before broader conclu-
sions on environmental safety can be drawn.

5. Opportunities along the Lippia alba essential oil value chain

The development of a sustainable L. alba EO value chain is supported
by a unique combination of agronomic, environmental, and economic
advantages. From an agronomic perspective, L. alba presents favorable
characteristics that may support its cultivation for EO production. As a
highly adaptable species, L. alba can grow under diverse climatic and
edaphic conditions, including semi-arid environments and lands that are
often unsuitable for conventional crops (dos Santos Marques et al., 2018;
Teles et al., 2012). These characteristics offer opportunities for the
productive use of degraded lands while limiting competition with food
production systems, thereby contributing to both land restoration and
food security objectives (Gelfand et al., 2013; Shortall, 2013). In addi-
tion, L. alba can be easily propagated through vegetative cuttings,
facilitating the multiplication and dissemination of selected
high-performing chemotypes (Alvarez et al., 2015; Biasi and Costa,
2003). Its perennial growth habit also allows multiple harvests per year,
which may increase biomass productivity and reduce establishment
requirements compared with annual aromatic crops (dos Santos
Marques et al., 2018)

Field-level biomass and EO yields further illustrate the production
potential of L. alba. A technical production reference from Martinique
reported approximately 14.7 t/ha/year of fresh biomass, 4.0 t/ha/year
of dried biomass of L. alba, and 24 kg EO per hectare at an EO yield of
0.6%. Under the conditions reported in this study, the first harvest was
conducted three months after planting, allowing up to three harvests per
year (Duportal, 2014). In Colombia, Barrientos et al. (2012) reported an
annual fresh biomass production of approximately 18 t/ha/year from
three harvests under open-field conditions, corresponding to an esti-
mated 108 L EO/ha/year at an extraction yield of 6 L/t fresh biomass
(0.6%). These contrasting estimates illustrate the strong influence of
cultivation system, harvest frequency, biomass productivity, the fraction
of biomass suitable for distillation, and EO yield on L. alba production
potential. They should therefore be considered as condition-specific
production estimates rather than universal or average yields for the
species. Optimizing agronomic practices, harvest management, and the
selection of suitable chemotypes may contribute to improving both
biomass productivity and EO production.

Beyond its agronomic advantages, L. alba EO aligns well with current
efforts to develop more sustainable crop protection strategies. Its com-
plex chemical composition and multiple modes of action may reduce the
risk of resistance development compared with single-target synthetic
pesticides (Regnault-Roger et al., 2012). In addition, the natural
biodegradability of EO constituents generally results in lower environ-
mental persistence and reduced residue accumulation (Isman, 2020).
Consequently, the integration of L. alba-based products into integrated
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pest management programs may contribute to preserving agro-
ecosystem health, supporting biodiversity conservation, and reducing
dependence on synthetic agrochemicals (Altieri et al., 2017; Coulibaly
et al., 2024; FAO, 2019).

The economic prospects for L. alba EO are further strengthened by
the rapid expansion of global markets for natural products and bio-based
solutions. The EOs market is projected to grow from USD 25.93 billion in
2025 to USD 52.70 billion by 2034 (Swar, 2026), while the global bio-
pesticides market is expected to reach USD 36.43 billion by 2035
(Precedence Research, 2026). Positioned at the intersection of these two
dynamic sectors, L. alba offers a particularly attractive opportunity for
value creation. Its EO combines demonstrated biopesticidal activity with
potential applications in agriculture, food preservation, cosmetics,
pharmaceuticals, and wellness products, thereby diversifying market
outlets and reducing dependence on a single sector (Abere and Adetunji,
2024; Chandler et al., 2011; Ferreira de Santana et al., 2024).

At the territorial level, the development of L. alba value chains may
also generate important socio-economic benefits. Local production,
processing, and commercialization of EO-based products can create
additional income opportunities for rural communities while promoting
local entrepreneurship. The establishment of producer cooperatives,
contract farming schemes, and certification systems such as organic,
fair-trade, or sustainably sourced labels may further enhance market
access and product differentiation, particularly for smallholder farmers
in tropical and subtropical regions (Hodson de Jaramillo and Stashenko,
2022; Montanari and Bergh, 2014).

6. Challenges and barriers to the implementation of the Lippia
alba value chain

6.1. Formulation and field implementation challenges

Despite the promising biological activities reported for L. alba EO,
translating laboratory efficacy into commercially viable biopesticide
products remains a major challenge. Like most EOs, L. alba EO is char-
acterized by high volatility, low water solubility, and susceptibility to
oxidation and environmental degradation, all of which can reduce its
stability, persistence, and efficacy under practical agricultural condi-
tions (Isman, 2020; Pavela and Benelli, 2016). These physicochemical
limitations represent one of the principal obstacles to the large-scale
adoption of EO-based biopesticides. To overcome these constraints,
considerable research efforts have focused on the development of
advanced formulation technologies. Encapsulation approaches, in
particular, have attracted increasing interest because they can protect
volatile constituents from degradation, improve stability during storage,
enhance dispersion in aqueous media, and enable controlled release of
bioactive compounds (de Matos et al., 2019; Maes et al., 2019).

For L. alba, formulation studies remain relatively limited and have
primarily focused on vectors of medical importance rather than agri-
cultural pests. Among the few examples available, Ferreira et al. (2019)
investigated poly-e-caprolactone (PCL) nanoparticles as delivery sys-
tems for L. alba EO, demonstrating the feasibility of nanoencapsulation
for this EO. Although similar formulations have not yet been evaluated
in crop protection or post-harvest systems, studies conducted with other
Lippia species provide encouraging evidence. For example, encapsula-
tion of Lippia origanoides EO in gelatin/PCL nanoparticles resulted in
complete insect mortality and effective fungal inhibition against major
cacao pests at 1000 ug/mL (Rocha et al., 2022). These findings suggest
that comparable formulation strategies could substantially enhance the
agricultural performance of L. alba EO.

The effectiveness of EO-based biopesticides is also highly dependent
on the application context. In post-harvest environments, where treat-
ment occurs in confined spaces, the vapor-phase activity of EOs can be
fully exploited, often resulting in improved efficacy and longer exposure
of target pests (Raveau et al., 2020). By contrast, field applications
expose EOs to sunlight, temperature fluctuations, rainfall, and wind,

Industrial Crops & Products 252 (2026) 124525

accelerating photodegradation, evaporation, and leaching processes
(Gupta et al., 2023). As a result, repeated applications may be necessary
to maintain effective pest control, thereby increasing operational costs
and limiting commercial competitiveness.

Beyond formulation design, determining the optimal application rate
remains a critical challenge. For field application, effective doses must
ensure sufficient pest control while minimizing phytotoxic effects on
crops (Maes et al., 2019). Achieving this balance is often complex
because both EO efficacy and plant tolerance vary according to crop
species, developmental stage, environmental conditions, and chemical
composition of the EO (Werrie et al., 2020). Furthermore, volatilization
losses during formulation, storage, and application may reduce the
actual concentration of active constituents reaching the target organism
(de Matos et al., 2019).

Additional aspects beyond biological efficacy should also be
considered, including potential effects on stored grains, sensory quality,
residual odor, and seed germination capacity. To date, no study has
specifically evaluated the persistence of residual aroma or its potential
impact on consumer acceptance following treatment with L. alba EO. By
contrast, available studies suggest that L. alba EO does not adversely
affect seed germination at effective antifungal concentrations (Pandey
et al., 2016; Shukla, 2018). Further investigations are nevertheless
needed to assess the effects of repeated treatments on grain quality and
storage performance under practical conditions.

6.2. Structural and systemic barriers to market integration

Despite its promising biological activity and multiple valorization
opportunities, the large-scale commercialization of L. alba EO as a bio-
pesticide still faces several technical, regulatory, and economic chal-
lenges. Addressing these constraints will be essential to ensure
consistent product quality, market competitiveness, and long-term
adoption by end-users.

One of the main technical challenges concerns the standardization of
the botanical raw material. Although vegetative propagation is widely
recognized as an effective strategy for maintaining selected chemotypes
(Biasi and Costa, 2003; dos Santos Marques et al., 2018), both EO yield
and composition remain influenced by environmental conditions,
agronomic practices, harvest timing, and post-harvest processing. Such
variability can affect the consistency of the final product and complicate
quality control during industrial production (Gimenes et al., 2021;
Ricciardi et al., 2009). The development of standardized cultivation
protocols, coupled with chemotype selection and quality certification
systems, therefore represents a key prerequisite for reliable commercial
production.

Industrial scaling also presents important operational challenges.
Moving from laboratory- or pilot-scale extraction to commercial
manufacturing requires substantial investments in distillation equip-
ment, energy supply, water management, storage facilities, and quality-
control infrastructure. Processing capacity is therefore a key consider-
ation for commercial production. Alvarez et al. (201 5) reported a
pilot-scale steam-distillation unit specifically developed for L. alba with
a capacity of 30 kg of dried plant material per batch, requiring
approximately 3 h per distillation and allowing up to four distillations
per day. At a larger production scale, Barrientos et al. (2012) described a
steam-extraction system designed to process 600 kg of fresh biomass per
batch, requiring approximately 7 h per cycle, with two cycles per day,
corresponding to a nominal processing capacity of approximately 1.2 t
of fresh biomass per day and 288 t per year under the operating schedule
considered in that study. For this production system, the authors esti-
mated the first-year cost of the extraction process at approximately USD
520,145, comprising about USD 16,749 in initial investment (steam--
distillation unit and infrastructure) and USD 503,396 in annual oper-
ating costs, mainly associated with labour and inputs. Although these
figures are specific to the Colombian production system and should not
be extrapolated directly to other regions, they indicate the economic
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requirements associated with large-scale extraction. Based on the re-
ported annual operating costs and EO production, this corresponds to an
indicative operating cost of approximately USD 291/L, excluding the
initial investment. Including the initial investment, the total first-year
cost of approximately USD 520,145 would correspond to approxi-
mately USD 301/L.

Treatment costs provide a complementary perspective on the eco-
nomic feasibility of EO-based biopesticides. Available benchmarks for
plant-derived EO biopesticides indicate application costs of approxi-
mately USD 35-50/ha compared with USD 15-25/ha for some con-
ventional synthetic insecticides (Ashokkumar et al., 2026). These
estimates provide a reference framework for EO-based applications but
cannot be directly transferred to L. alba. Its treatment cost will depend
on the price of EO production, formulation, effective concentration,
application dose, and treatment frequency.

These capital and operating requirements may limit participation by
smallholder producers and emerging enterprises, particularly in devel-
oping regions (dos Santos Marques et al, 2018; Isman, 2020;
Tarazona-Pulido et al., 2025). Nevertheless, cooperative production
models, shared processing facilities, and public-private partnerships
could help reduce investment barriers and improve access to processing
technologies.

The absence of harmonized quality standards for L. alba EO consti-
tutes an additional constraint. Unlike several well-established aromatic
crops, L. alba currently lacks internationally recognized specifications
regarding chemical composition, purity criteria, and performance
standards (Coulibaly et al., 2024; Henry, 2024). This situation compli-
cates product standardization, formulation development, and market
positioning. Furthermore, the existence of multiple chemotypes may
create additional regulatory complexity, as variations in chemical
composition can require separate evaluations of efficacy and safety
(Ferreira de Santana et al., 2024; Hennebelle et al., 2008).

Regulatory approval remains another critical bottleneck. Registra-
tion procedures for biopesticides differ substantially among countries
and regions. In some jurisdictions, such as the United States, certain EO-
based products may benefit from simplified registration pathways,
whereas in other markets, particularly within the European Union,
authorization procedures can be lengthy, costly, and data-intensive (Es
et al., 2017; Isman, 2020; Villaverde et al., 2014). These regulatory
disparities increase development costs and may delay market access for
innovative products.

Beyond production and regulatory issues, market adoption will ul-
timately determine commercial success. Farmers generally evaluate
crop protection solutions based on efficacy, reliability, persistence, and
economic return rather than environmental benefits alone (Assadpour
et al., 2024; Gupta et al., 2023). Because EO-based products often
exhibit lower persistence than conventional pesticides, repeated appli-
cations may be required under certain conditions, potentially increasing
labor and operational costs. In addition, limited extension services and
insufficient dissemination of technical knowledge may hinder adoption
by growers, particularly in rural areas (Abere and Adetunji, 2024;
Mounaimi et al., 2024).

Despite these challenges, several factors support the future devel-
opment of L. alba-based biopesticides. Growing consumer demand for
natural products, increasing regulatory restrictions on synthetic pesti-
cides, and the expansion of bioeconomy-oriented markets create a
favorable environment for innovation. However, realizing this potential
will require strong coordination among researchers, producers, industry
stakeholders, and policymakers. Investments in chemotype standardi-
zation, formulation technologies, certification systems, targeted training
programs, and innovative financing mechanisms will be essential to
strengthen the value chain and facilitate large-scale commercialization.
Particular attention should also be given to supporting smallholder
farmers and rural women, whose participation could significantly
enhance the social and economic impact of L. alba value chains (Abere
and Adetunji, 2024; Plumecocq et al., 2018).
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7. Future research priorities for the standardization of Lippia
alba essential oil

Developing L. alba EO as a reliable botanical biopesticide will require
a stepwise standardization process beginning with the identification of
well-defined and stable plant material. Elite accessions should be
selected based on EO yield, chemical profile, and compositional stabil-
ity, and subsequently evaluated across environments, seasons, and
production cycles before being adopted for cultivation. The selection of
stable chemotypes, such as that illustrated by the stability-based
approach of Do Nascimento Soares et al. (2019), combined with vege-
tative or clonal propagation, could provide more homogeneous planting
material and reduce chemical variability among production batches
(Alvarez et al., 2015; Siani et al., 2002). Chemotype registration,
together with botanical and genetic authentication and traceability of
the selected accessions, would further strengthen the control of plant
identity and provenance (Tarazona-Pulido et al., 2025).

A second priority is to establish a comprehensive quality specifica-
tion for L. alba EO intended for biopesticide applications. This specifi-
cation should define the identity and provenance of the raw material,
plant part, relevant production and harvest conditions, and the physi-
cochemical and compositional characteristics that a commercial batch
should meet to be considered acceptable (Jasic et al., 2025). Existing
standards for individual essential oils illustrate this type of framework.
For example, International Organization for Standardization, (1974) for
lemongrass oil defines specifications for appearance, colour, relative
density, refractive index, optical rotation, citral content, and solubility
in ethanol. Similarly, International Organization for Standardization,
(2002) for lavender oil specifies physicochemical characteristics and
chromatographic compositional ranges that vary according to origin and
plant material, illustrating how provenance can be incorporated into an
essential-oil quality standard. A future specification for L. alba should
therefore include appropriate parameters such as appearance, colour,
odour, relative density, refractive index, optical rotation, solubility, acid
index, flash point, chromatographic profile, marker compounds, and
chemotype, together with relevant storage and microbiological re-
quirements (Jasic et al., 2025; Tubay-Bermudez et al., 2024).

The establishment of such a specification should then be followed by
the definition of scientifically justified acceptance ranges for each rele-
vant parameter (Jasic et al., 2025). This will require the characterization
of sufficiently large and representative datasets covering the main
sources of variability affecting L. alba EO, including genotype,
geographical origin, cultivation environment, harvest stage and season,
post-harvest handling, and distillation conditions (Hennebelle et al.,
2006; Sa Filho et al., 2022). Importantly, future research should also
establish quantitative relationships between chemical composition,
relevant physicochemical properties, and biopesticidal efficacy to
identify reliable chemical markers or marker combinations. This would
provide objective criteria for determining whether a batch meets the
defined specifications and is both chemically consistent and biologically
suitable for its intended application.

Ultimately, reproducibility should be demonstrated across the entire
production chain, from authenticated plant material and controlled
cultivation to extraction, chemical characterization, and biological ef-
ficacy. Once validated specifications have been established from multi-
batch and multi-environment datasets, they could provide the basis for a
formal quality standard at national or regional level and, in the longer
term, support the development of a dedicated international standard for
L. alba EO. Such a framework would strengthen the reproducible pro-
duction and commercial development of defined L. alba chemotypes as
botanical biopesticides.

8. Conclusion

This review highlights the considerable potential of L. alba EO as a
multifunctional botanical resource for sustainable crop protection.
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Owing to its broad geographical distribution, ecological adaptability,
and ease of cultivation, L. alba represents an attractive candidate for the
development of bio-based agricultural inputs. Its remarkable chemical
diversity, expressed through multiple chemotypes, underpins a wide
range of biological activities, including insecticidal, repellent, anti-
fungal, antimycotoxigenic, nematicidal, antibacterial, and acaricidal
effects. Collectively, these properties support the potential use of L. alba
EO as a versatile biopesticide for both field applications and post-harvest
protection, although further validation is needed under practical con-
ditions. Its multifunctional activity makes L. alba EO an attractive
candidate for protecting stored cereals and legumes against the com-
bined pressure of insect pests and mycotoxigenic fungi.

Beyond its phytoprotective functions, L. alba offers promising op-
portunities for value creation within the emerging bioeconomy. The
species combines agronomic resilience with potential for diverse appli-
cations, extending beyond agriculture to food preservation, cosmetics,
and pharmaceutical products. Such diversification may strengthen the
economic viability of L. alba-based value chains while creating oppor-
tunities for rural development, particularly in tropical and subtropical
regions where the species is naturally adapted.

Beyond its phytoprotective functions, L. alba offers promising op-
portunities for value creation within the emerging bioeconomy. The
species combines agronomic resilience with potential for diverse appli-
cations, extending beyond agriculture to food preservation, cosmetics,
and pharmaceutical products. Such diversification could contribute to
the economic viability of L. alba-based value chains while creating op-
portunities for rural development, particularly in tropical and subtrop-
ical regions where the species is naturally adapted.

Despite these promising attributes, several challenges must still be
addressed before large-scale commercialization can be achieved. The
high variability in EO yield and composition among chemotypes re-
mains a major obstacle to product standardization and regulatory
approval. In addition, the intrinsic volatility, hydrophobicity, and
limited persistence of EOs continue to constrain field performance,
although advances in formulation technologies offer encouraging pros-
pects for overcoming these limitations. Further research is also needed
to validate efficacy under realistic agricultural conditions, improve un-
derstanding of chemotype-specific mechanisms of action, and generate
the ecotoxicological and economic data required for regulatory accep-
tance and market adoption.

Ultimately, the successful development of L. alba-based biopesticides
will depend on an integrated approach combining scientific innovation,
agronomic optimization, value-chain organization, and supportive
public policies. Strengthening collaboration among researchers, pro-
ducers, industry stakeholders, and policymakers will be essential to
transform the biological potential of L. alba into commercially viable
and socially inclusive solutions. By addressing current limitations while
capitalizing on its unique biological and agronomic attributes, L. alba
could emerge as a model tropical species for the development of next-
generation biopesticides and contribute meaningfully to the transition
toward a more sustainable and circular bioeconomy.

Highlights

e Chemotype diversity underpins the biopesticide potential of Lippia
alba essential oil.

e Major mechanisms underlying L. alba EO bioactivity are critically
discussed.

e Dual insecticidal and antifungal activities support post-harvest
applications.

e Value chain opportunities and commercialization barriers are thor-
oughly analyzed.

e Key challenges for large-scale commercialization are identified.
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