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Abstract

Phytoremediation is increasingly recognized as a sustainable and low-impact approach for
the remediation of contaminated and marginal soils, particularly when combined with the
cultivation of resilient non-food crops. Castor bean (Ricinus communis L.) is a multipurpose
industrial oilseed crop characterized by high biomass production, strong tolerance to abi-
otic stresses, and a remarkable ability to accumulate and tolerate potentially toxic elements.
This review provides a comprehensive overview of the role of castor bean in phytoreme-
diation systems, integrating agronomic management, physiological traits, traditional and
industrial uses, and sustainability perspectives. Particular attention is given to agronomic
practices that enhance plant establishment and remediation efficiency on contaminated
lands. Beyond its environmental role, this review highlights the long-standing traditional
uses of castor oil and the growing importance of castor bean as an energy and industrial
crop, supplying renewable feedstocks for biofuels, bio-based chemicals, and materials
within a circular economy framework. While genetic improvement and molecular tools
offer future opportunities to optimize specific traits, the current potential of castor bean
relies largely on its agronomic adaptability and multifunctionality. Overall, R. communis
emerges as a strategic species for integrated phytoremediation systems that couple soil
restoration with renewable resource production and sustainable land management.
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1. Introduction
1.1. The Strategic Role of Ricinus communis in the Green Transition

Green transition requires the adoption of sustainable solutions capable of simultane-
ously addressing environmental remediation, renewable resource production, and climate
resilience [1]. In this context, Ricinus communis L. emerges as a strategic crop due to its
multifunctional role at the intersection of environmental remediation, bio-based industrial
production, and sustainable land management [2]. As a non-food industrial crop, castor
bean can be cultivated on marginal, degraded, or contaminated lands without competing
with food production, thereby aligning with key principles of sustainable development
and land-use efficiency [2,3]. Its high tolerance to abiotic stresses such as drought, salinity,
and heavy metal contamination makes it particularly suitable for climate-change-prone
environments, contributing to ecosystem restoration and soil quality improvement.

Beyond its phytoremediation potential, R. communis plays a significant role in the bioecon-
omy through the production of castor oil, containing mainly ricinoelic acid (Table 1), a valuable

Sustainability 2026, 18, 3419

https://doi.org/10.3390/su18073419


https://crossmark.crossref.org/dialog?doi=10.3390/su18073419&domain=pdf&date_stamp=2026-04-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-7702-6557
https://orcid.org/0000-0002-4983-4116
https://orcid.org/0009-0000-8960-4270
https://orcid.org/0000-0003-0250-730X
https://orcid.org/0000-0003-0181-2169
https://doi.org/10.3390/su18073419

Sustainability 2026, 18, 3419

20f27

renewable feedstock for biofuels, biolubricants, biopolymers, pharmaceuticals, and bio-based
chemicals. The integration of castor bean cultivation with phytoremediation strategies offers a
circular economy approach, where contaminated or marginal lands are valorized while generat-
ing economic returns from biomass and oil production [4,5]. Moreover, castor bean cultivation
contributes to carbon sequestration through high biomass accumulation and reduced reliance
on fossil-based raw materials, supporting greenhouse gas mitigation goals [6,7].

Despite challenges related to seed toxicity, mechanization, and biomass management,
ongoing advances in agronomy, breeding, and biomass valorisation are progressively
enhancing the sustainability and safety of castor-based systems. Overall, R. communis
represents a versatile and resilient crop with strong potential to support green transition
by coupling environmental remediation with renewable resource production, economic
diversification, and climate-adaptive land use [3].

1.2. Literature Search Strategy and Evidence Mapping Approach

This review was conducted using a structured narrative approach aimed at synthesiz-
ing the available literature on the role of Ricinus communis L. in phytoremediation systems
and its integration within circular bioeconomy frameworks.

The literature search was performed using major scientific databases including Web
of Science, Scopus, and Google Scholar. Searches were conducted between January and
March 2026, and publications available up to February 2026 were considered. The search
strategy combined keywords related to the plant species with terms associated with phy-
toremediation processes and contaminant classes. Examples of search strings included:

1,4

“Ricinus communis AND phytoremediation”; “castor bean AND heavy metal remedi-
ation”; “Ricinus communis AND hydrocarbon contamination”; “castor AND petroleum
hydrocarbons AND soil remediation”; “Ricinus communis AND pesticide contamination”;
“castor bean AND phytoextraction OR phytostabilization”.

Additional references were identified through backward citation tracking of relevant
review papers and primary experimental studies.

This review primarily considered peer-reviewed journal articles, complemented where
necessary by authoritative books, reviews, and reports addressing phytoremediation mech-
anisms and castor agronomy. Although the majority of experimental evidence derives from
studies published after 2000, earlier foundational works were also included when relevant
to conceptual frameworks.

The inclusion and exclusion criteria were defined to ensure that the selected studies
were directly relevant to the phytoremediation potential of Ricinus communis. Studies were
included when they addressed at least one of the following aspects: (i) experimental evaluation
of R. communis under contaminated conditions, including field, pot, or hydroponic systems;
(ii) quantitative assessment of contaminant uptake, tolerance responses, or soil remediation
outcomes; (iii) investigation of strategies aimed at enhancing phytoremediation efficiency,
such as the use of chelating agents, soil amendments, or plant-microbe interactions; or (iv)
mechanistic studies providing insights into physiological or biochemical processes supporting
phytoremediation in castor systems. Studies focusing exclusively on agronomic traits or
biochemical aspects unrelated to environmental remediation were excluded from the analysis.

The selected studies were systematically categorized according to three main criteria:
(i) contaminant class, including heavy metals, petroleum hydrocarbons, and organochlorine
pesticides; (ii) experimental context, distinguishing field observations, pot experiments,
hydroponic systems, and conceptual or mechanistic analyses; and (iii) experimental en-
hancement strategies, such as microbial inoculation, chelating agents, or soil amendments.

This classification framework was used to organize the evidence maps presented in
Tables 2 and 3, where studies are grouped according to contaminant type and experimental
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approach. In particular, Table 2 summarizes studies focusing on heavy metal phytoreme-
diation, while Table 3 compiles evidence related to petroleum hydrocarbons, oil-derived
contamination, and organochlorine pesticides.

Where available, commonly used phytoremediation indicators such as the bioconcen-
tration factor (BCF), translocation factor (TF), contaminant accumulation in plant tissues,
and changes in soil contaminant concentrations were considered in the interpretation
of experimental outcomes and in the synthesis of the principal results reported in the
evidence maps.

2. Castor Bean: Botany, Origin, Distribution, and Uses
2.1. Botany

Castor bean is a fast-growing, perennial or annual species (depending on climatic con-
ditions), characterized by remarkable morphological plasticity and physiological adaptability.
The plant typically develops a robust taproot system capable of penetrating deep soil layers,
enhancing water and nutrient acquisition and conferring high tolerance to drought-prone and
marginal environments [4,8]. The aerial architecture is highly variable among genotypes and
ranges from compact, weakly branched forms to tall, highly branched plants exceeding 2-3 m
in height (Figure 1a,b). Leaves are large, palmate, and rich in photosynthetic tissue, contributing
to high radiation interception and rapid biomass accumulation [9].

Figure 1. Ricinus communis plants, reproductive structures, and seeds. (a) Plant exhibiting inde-
terminate growth in tropical region cultivated in Congo; (b) plant exhibiting determinate growth,
cultivated in Basilicata, Italy; (c) inflorescence showing red, trilobed stigmas above the capsules and
yellow anthers; (d) seeds from different varieties. Panels (¢,d) were photographed in Landriano (PV),
Italy. Scale bars in panels (c,d) =1 cm.

The species is monoecious and predominantly cross-pollinated, mainly by wind
(anemophily), although entomophily also occurs. The inflorescence is a terminal raceme
composed of male flowers at the base and female flowers at the apex, which, after pollina-
tion, develop into trilocular capsules, spiny or smooth depending on genotype (Figure 1c).
Each capsule contains three seeds, typically oval to ellipsoidal, mottled in color, and
endowed with a caruncle at the base (Figure 1d). Cultivated forms generally exhibit inde-
hiscent capsules to reduce seed loss, in contrast with wild dehiscent types [10,11]. Seeds
are characterized by a high oil content (45-55%). This non-edible oil stands out among veg-
etable oils as the only commercial source of ricinoleic acid, a hydroxy fatty acid (C18:1-OH)
with a hydroxyl group on carbon 12 and a double bond on carbon 9.

This unique component represents up to 90% of the oil, while minor fatty acids include
oleic (C18:1) and linoleic (C18:2) acids [12,13]. No other oilseed crop presents such a high
proportion of a single fatty acid (Table 1).
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Physiologically, castor bean exhibits strong thermophilic behavior, with optimal
growth occurring at temperatures between 25 and 35 °C, and a high photosynthetic capac-
ity supported by efficient stomatal regulation and a well-developed antioxidant defense
system [4,7]. The species shows notable tolerance to abiotic stresses, including salinity,
water deficit, and heavy metal contamination, which is mediated by osmotic adjustment,
ion compartmentalization, and the activation of enzymatic and non-enzymatic antioxidant
pathways [3,14]. At the cellular level, castor bean can chelate and sequester toxic elements
into vacuoles, thereby limiting their interference with essential metabolic processes and
ensuring sustained growth under stress conditions.

Table 1. Structural comparison of ricinoleic acid and main C18 fatty acids, highlighting differences
in molecular formula, unsaturation, and functional groups. Ricinoleic acid is distinguished by the
presence of a hydroxyl group at carbon 12 in addition to a cis double bond at A9, which confers
higher polarity and reactivity compared to conventional fatty acids such as oleic, stearic, and linoleic
acids. These structural features are directly linked to its unique performance in sustainable materials,
lubricants, and bio-based polymers. Adapted from Mutlu & Meier (2010) [12].

. Carbon Molecular Double Additional Functional
Fatty Acid Chain (C:n) Formula Condensed Structural Formula Bond(s) Groups
. L . CH3—(CH;)5—CH(OH)-CH,-CH=CH- -
Ricinoleic acid C18:1 C18H3403 (CH,),—COOH 1 (cis-A9) Hydroxyl group (-OH) at C12
Oleic acid C18:1 Cy18H340, CH3—-(CH;);-CH=CH-(CH,),—COOH 1 (cis-A9) None
Stearic acid C18:0 C18H360; CH3—(CH3)14—COOH None None
Linoleic acid Ci182 C1sH3O, CH3~(CHp)s-CH=CH-CH-CH=CH- i 7919 None

(CH,);~COOH

2.2. Origin and Distribution

Castor bean (Ricinus communis L., Family Euphorbiaceae) is a monotypic species
native to tropical East Africa, which is considered its center of origin and initial
domestication [8,15]. Wild populations of R. communis are still found in Kenya and Ethiopia,
where they display woody tree-like habits, dehiscent capsules, and small seeds. Genomic
analyses support the hypothesis that domestication occurred approximately 3000 years
ago in the region spanning East Africa and West Asia [16]. From there, castor spread
progressively to the Mediterranean basin, India, China, and later to the Americas, adapting
to a broad range of tropical, subtropical, and warm-temperate environments [11].

Today, castor is cultivated in more than 30 countries, with India, Brazil, and Mozam-
bique as leading producers, contributing over 90% of global seed output [17]. The species
exhibits remarkable morphological plasticity, ranging from herbaceous annual forms to
perennial shrubs or small trees, depending on climatic conditions. In tropical regions,
plants can reach up to 10-12 m and behave as evergreen perennials, while in temperate
areas they complete their life cycle within a single season, as frost below 0 °C is lethal [4,11].

In Italy and other Mediterranean countries, wild or naturalized populations grow
spontaneously, particularly in southern regions, Sardinia, Sicily, and along the Ligurian
coast. Considerable intraspecific variability exists among cultivated types, including dif-
ferences in stem pigmentation (green to anthocyanic), presence or absence of epicuticular
waxes, internode length (ranging from dwarf to tall forms), and branching habit, which is
influenced by plant density and genotype [9].

2.3. Uses

The chemical structure of ricinoleic acid (12-hydroxy-9-cis-octadecenoic acid, an un-
saturated omega-9 fatty acid) imparts high polarity and viscosity, excellent lubricity, and
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oxidative stability, properties that make castor oil a strategic raw material for multiple
industrial sectors [18] (Table 1).

At room temperature, castor oil is a viscous, pale-yellow liquid with notable solubility
in alcohol and resistance to high temperatures (boiling point 313 °C, density 0.96 g cm~3).
It is widely employed in the manufacture of lubricants, surfactants, coatings, inks, adhe-
sives, polyurethanes, polyamides, and cosmetic formulations [12]. Its renewability and
biodegradability also make it a valuable feedstock for the synthesis of bio-based polymers
and biodiesel [11,19].

The growing global demand for castor oil and its derivatives stems from its versatility
and the transition toward sustainable, bio-based materials. Beyond its industrial uses, the
castor plant also offers opportunities for integrated valorization of by-products such as
seed cake, husks, and stalks for fertilizers, animal feed (after detoxification), and bioenergy
production, aligning with circular economy principles [20,21].

3. Agronomic Management and Environmental Adaptation

In temperate climates, castor bean is typically sown in spring, once soil temperatures
are suitable for germination. The minimum germination temperature is generally reported
to be 14-15 °C, while optimal germination and early seedling development occur at temper-
atures close to 30-31 °C, confirming the crop’s strong thermophilic behavior [4,8,22]. Seed
size varies markedly among genotypes, with the weight of 1000 seeds commonly ranging
between 200 and 400 g for most cultivated varieties, reflecting both genetic background
and environmental growing conditions [4,23].

Plant population density is highly variable and depends on genotype, soil fer-
tility, water availability, and agronomic management. Reported values range from
as low as 5000 plants ha~! in low-input or marginal environments to more than
60,000-70,000 plants ha~1 under intensive cultivation systems [9,23,24]. R. communis is an
indeterminate, branching species, with seed production occurring on the primary raceme
as well as on secondary and tertiary racemes. Increasing plant density generally reduces
branching and favors a more uniform canopy structure, although genotype remains a major
determinant of plant architecture and raceme development [4,24].

Despite renewed interest in castor bean for industrial and environmental applications,
seed procurement remains a critical bottleneck in Europe, as no varieties are currently
registered in national or EU common catalogues. This limits large-scale adoption and
hinders the standardization of agronomic practices [23,25]. From a nutritional standpoint,
castor bean is a relatively demanding crop. With an average grain yield of about 2 tha™!,
nutrient removal has been estimated at approximately 80 kg N, 18 kg P,Os, and 32 kg
K,O per hectare [4,26]. Excessive nitrogen fertilization should be avoided, as it promotes
excessive vegetative growth, delays maturation, and complicates harvesting operations.
About 55% of the nitrogen and nearly 75% of the phosphorus absorbed by the plant are
ultimately allocated to the seeds [4]. Although high nitrogen rates may slightly reduce
seed oil concentration, this effect is often compensated by increased seed yield, resulting in
higher total oil production per unit area [23,26].

Weed management is a crucial aspect of castor bean cultivation, particularly during
early growth stages when seedlings develop slowly and are highly susceptible to com-
petition. Chemical control options include the use of clomazone in pre-emergence and
halosulfuron in post-emergence for broadleaf weeds, while cycloxydim and fluazifop are
commonly employed for grass weed control [9,23]. However, attention must be paid to
the invasive potential of the castor bean itself. Seed shattering and losses during harvest
can lead to the establishment of a persistent soil seed bank, increasing the risk of volunteer
plants and weed-like behavior in subsequent crops [8,27].
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Among biotic constraints, several fungal pathogens are responsible for significant
yield losses, particularly under warm and dry conditions. The most economically important
diseases include gray mold caused by Botryotinia ricini, vascular wilt caused by Fusarium
oxysporum, and charcoal rot caused by Macrophomina phaseolina [4,9] (Figure 2).

Figure 2. Symptoms consistent with Botryotinia ricini infection observed on castor plant (Ricinus
communis L.) under field conditions in the Congo region. From left to right: (a) severe stem colo-
nization characterized by dark necrotic lesions and progressive tissue degradation along the main
axis; (b) close-up of stem and fruiting structures showing extensive mycelial growth and necrosis
associated with developing capsules; (c¢) advanced structural damage at the branch junction, with
tissue collapse and cracking, indicative of systemic infection. Botryotinia ricini are recognized as major
fungal pathogens affecting castor crops, causing stem rot, reduced vigor, and yield losses, particularly
under humid tropical conditions.

Grain yields typically range from 0.5 to 5 t ha~!, depending on cultivar, environmental
conditions, and management practices. Mechanical harvesting with combine harvesters
remains challenging, mainly due to the indeterminate growth habit of most currently avail-
able genotypes, which results in asynchronous seed maturation on the same plant [23,25,28].
Nevertheless, the adoption of genotypes characterized by reduced indeterminacy, com-
bined with cultivation under high-temperature and low-humidity conditions and the use
of chemical desiccants, has enabled successful mechanized harvesting in countries such as
Israel and Brazil [4,9,24].

4. Use of Castor Bean in Phytoremediation

Compared to conventional physicochemical remediation techniques, phytoremedia-
tion offers significant advantages such as lower costs, reduced environmental disturbance,
and the potential for ecosystem restoration [3,6,29]. Within this context, castor bean (Ricinus
communis L.) has attracted increasing attention as a promising phytoremediation species
due to its remarkable physiological plasticity and multifunctional traits. Castor bean is a
fast-growing, non-food industrial crop characterized by high biomass production, deep
root systems, and strong tolerance to extreme environmental conditions, including salinity,
drought, and nutrient-poor soils: these features make it particularly suitable for cultivation
on marginal and contaminated lands, where food crops are often unsuitable [2,4,7]. More-
over, R. communis exhibits a high capacity to tolerate and accumulate potentially toxic ele-
ments through a range of biochemical and cellular mechanisms, including metal chelation
by organic acids and peptides, antioxidant defense activation, and sequestration of metals
into vacuoles, thereby limiting their interference with essential metabolic processes [3,30].

Numerous studies have demonstrated the effectiveness of castor bean in the phytoex-
traction and phytostabilisation of heavy metals, in the reclamation of soils contaminated by
hydrocarbons and persistent organic pollutants (Tables 1 and 2).

https://doi.org/10.3390/5u18073419


https://doi.org/10.3390/su18073419

Sustainability 2026, 18, 3419

7 of 27

4.1. Main Experimental Evidence for Castor Bean in Heavy-Metal Phytoremediation

Heavy metals absorbed by the roots may be translocated to aboveground tissues,
including stems, leaves, and seeds. Under managed phytoextraction systems, and when
contaminated biomass is harvested and removed, this process can contribute to progressive
metal removal from soils; however, actual reductions in total soil metal stocks depend on
biomass yield, metal concentrations in plant tissues, time horizon, and site-specific mass
balance conditions [6,30-35].

In the present review, the term “hyperaccumulator” is used according to commonly
accepted criteria based on metal concentrations in aboveground tissues under soil-grown
conditions. In fact, defining a hyperaccumulator species relies on four primary criteria that
distinguish it from a typical metal-tolerant plant. First, the plant must achieve a critical
concentration threshold in its dry leaf biomass, such as 1 mg kg~! for nickel or 10 mg kg !
for manganese, while growing in its natural habitat [36]. Second, it must demonstrate
a Translocation Factor (TF) > 1, meaning the metal concentration is higher in the shoots
than in the roots, proving active transport over passive uptake [37]. Third, the species
must possess hypertolerance, allowing it to complete its full life cycle without toxicity
symptoms while sequestering metals in leaf vacuoles [38]. Finally, the Bioconcentration
Factor (BCF) should generally exceed 1.0, reflecting the plant’s ability to extract metals
even from low-bioavailability soils [39].

The phytoremediation potential of castor bean appears consistent with that reported
for high-biomass perennial species such as Arundo donax, which combine tolerance to
contaminated soils with effective phytoextraction of heavy metals at the field scale [40].

A targeted experimental assessment of castor bean tolerance to cadmium (Cd) and lead
(Pb) was reported by Costa et al. (2011) [41], placing castor as a phytoremediation-relevant
species based on its tolerance and ability to accumulate metals in plant organs (Table 2). This
aligns with the premise that plants can act as “intermediary reservoirs” by concentrating
essential and nonessential metals in roots and shoots [41] (Table 2). In Pb-focused contexts,
castor bean is considered suitable for Pb phytostabilisation, acknowledging the challenge
posed by Pb’s low solubility [42,43] (Table 2). However, these studies highlighted that
castor bean shows tolerance and measurable accumulation of Cd and Pb in plant tissues
under exposure, supporting its candidacy for remediation-oriented cultivation rather than
indicating it is a “hyperaccumulator” species [41,42] (Table 2).

Although some studies have described R. communis as a Pb “hyperaccumulator,” these
classifications are often based on hydroponic experiments or on total tissue concentrations
without a clear distinction between root and shoot accumulation [44]. In several cases,
Pb was predominantly retained in roots, with limited translocation to shoots. Therefore,
under strict field-relevant criteria requiring high shoot accumulation, R. communis cannot be
consistently classified as a classical hyperaccumulator species, but rather as a high-biomass
metal-tolerant plant with phytoextraction potential (Table 2).

A dedicated cultivar comparison tested two castor cultivars (“Local” and “DS-30")
for phytoextraction from soils spiked with known concentrations of seven heavy metals,
treating cultivar identity as an explanatory variable for uptake outcomes across multiple
metals [45] (Table 2). This is consistent with evidence that success depends strongly on plant
phenotype/genotype and on the plant’s capacity to uptake and translocate metals under
site conditions [43,46]. Complementing this, a genotype-focused study reported differential
growth and metal accumulation responses among castor bean genotypes, reinforcing the
notion that “castor” cannot be treated as a single, uniform remediation phenotype, implying
remediation planning should include genotype screening [43,45,47] (Table 2).

In an industrial area contaminated with Pb, Nascimento et al. (2016) [48] evaluated sev-
eral cultivated species, including castor bean, and reported that Pb uptake varied with time
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and soil management practices. Specifically, Pb uptake by castor bean decreased at 120 days
after planting (DAP) following liming application, indicating that soil amendments can
modify Pb bioavailability and, consequently, plant uptake dynamics [48] (Table 2). These
findings are consistent with phytoremediation principles, which highlight the central role
of contaminant bioavailability and soil chemistry in controlling metal uptake by plants [43].

Romeiro et al. (2006) [44] reported Pb concentrations exceeding 1 g kg~! dry weight
in hydroponically grown plants and concluded that R. communis is a Pb hyperaccumulator.
However, Pb accumulation was predominantly observed in roots, and the study was
conducted under nutrient-solution conditions. Since classical hyperaccumulation criteria
generally emphasize high shoot concentrations under soil-grown conditions, these findings
suggest strong Pb uptake capacity but do not necessarily establish R. communis as a field-
level Pb hyperaccumulator [44] (Table 2).

Under a different management scenario, castor bean fertilized with sewage sludge was
investigated for heavy metal accumulation in soil and plant tissues, and the species was
proposed as a biomass-producing crop with phytoremediation potential in amendment-rich
systems [49] (Table 2). This approach further emphasizes that remediation performance
must be evaluated under realistic soil management conditions, as outcomes strongly de-
pend on amendment characteristics, processing, and the resulting metal availability [46,50].

A comparative chelant study specifically evaluating castor bean for Cd- and Pb-
contaminated soil reported that EDTA was the most effective chelate for enhancing Pb
phytoremediation but was deemed unsuitable for field remediation due to toxicity and
environmental persistence [51] (Table 2). This result aligns with wider concerns that
effective chelation may require high doses and can introduce secondary environmental
risks [51,52] (Table 2). The concept of “induced phytoremediation”, in which bioavailability
is increased using chelating agents, is emphasized in the literature as distinct from “natural”
phytoextraction performed without soil amendments [46,53].

Organic acids are also proposed as alternatives or complements to synthetic chelants,
and a castor-bean-specific study reported that citric acid enhanced plant growth and
photosynthesis and Pb phytoextraction by alleviating oxidative stress [54] (Table 2). This
outcome aligns with the expectation that phytoremediation performance depends on
biomass/productivity and metal bioavailability [43,55].

A castor-bean-specific study addressed Pb phytoextraction limitations by applying
rhizobacteria to improve lead phytoextraction in R. communis, situating this within the
broader constraint that many hyperaccumulator plants have slow growth, limiting practical
remediation rates [56,57] (Table 2). Reviews of plant-growth-promoting rhizobacteria
(PGPR) describe multiple mechanisms by which rhizosphere microbes can change heavy-
metal bioavailability and enhance plant uptake and remediation efficiency, supporting
microbe-assisted castor remediation strategies [58,59].

For chromium (Cr), it was reported that the combined application of citric acid and
Cr-resistant microbes improved castor bean growth and photosynthesis while alleviating Cr
toxicity by reducing Cr(VI) to Cr(III), linking microbial/chemical intervention to a change
in chromium speciation [60] (Table 2). This finding is consistent with the emphasis on
manipulating bioavailability and toxicity (including redox/speciation effects) to increase
plant tolerance and enable growth on contaminated soils [43,46].

Also, arbuscular mycorrhizal fungi (AMF) are reported to enhance heavy-metal toler-
ance and phytoremediation performance, though outcomes depend strongly on selecting
compatible, metal-tolerant AMF and plant partners [61,62]. While the cited AMF reviews
are not castor-specific, they support the castor-oriented strategy of using plant-microbe
symbioses to improve tolerance and uptake under contaminated conditions [58,61,62].
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Table 2. Evidence of castor bean (R. communis) heavy metals phytoremediation outcomes and principal observed results.
Evidence Focus Metal(s) Experimental Lever Principal Observed Result(s) as Reported Ref.
Tolerance /accumulation . Castor bean assessed as tolerant with accumulation in tissues under Cd and Pb )
Cd, Pb Exposure experiments o . [41]
assessment exposure; positioned for phytoremediation purposes
Strategy choice for Pb Pb Conceptual assessment Pb low solubility motivates phytostabilization; castor framed as suitable for [42]
Pb contexts
Cultivar comparison Multiple (7 metals) Local vs. DS-30 cultivars Two cultivars tested; p}cllytoextractl.on perfgrmance evaluated across seven metals, [45]
emonstrating cultivar dependence
Genotype dependence Pb Genotype screening Differential growth and Pb accumulation responses among castor genotypes [47]
Liming effect Pb Liming; sampling at DAP Pb uptake by castor bean decreasec}3 Etaiig DAP under liming in an industrial 48]
Sewage sludge context Heavy metals Sludge stabilized by processes Heavy metals measured in soils and castor plants undgr s}udge fertl.hzatlon; castor [49]
framed as biomass crop with phytoremediation potential
Chelant comparison in castor Cd, Pb EDTA vs. other chelates EDTA most effective for. enhancing Pb ph.ytoremedla.’nf)n in castor; field use (51]
questioned due to persistence/toxicity
Organic acid enhancement Pb Citric acid Citric acid improved growth anc.l ph.otosynthes1s ar.ld ?nhanced Pb phytoextraction [54]
via oxidative stress alleviation
Rhizobacteria assistance Pb Rhizobacteria inoculation Rhizobacteria improved Pb p'hytoextl"ac't ton in castor; framed against [56]
low-biomass limitation
Cr toxicity mitigation Cr Citric acid + Cr-resistant microbes Improved growth/photosynthesis ar}d alleviated Cr toxicity by reported Cr(VI) [60]
reduction to Cr(III)
. e Field observation of R. communis growing on multiple . . . . .
Revegetation/phytostabilization . o . R. communis was reported growing on four metal-contaminated industrial-waste
. . . . contaminated sites in peri-urban Greater Hyderabad s . .
on industrial-waste-contaminated =~ Metal-contaminated sites in peri-urban Greater Hyderabad and proposed as a multipurpose
. . . . - - (Bollaram, Patancheru, Bharatnagar, Kattedan); .. e . . .. [63]
peri-urban sites (with notes on industrial-waste sites N phytoremediation crop for phytostabilization and revegetation, with additional
. characterization approach framed around " 11
seed oil) ; . remarks on seed oil
tolerance/accumulation and seed-oil remarks
s Pot/contained experiment in drainless containers with - o .
Suitability assessment for A - Study explicitly set up to evaluate the suitability of R. communis (and A. caudatus)
- ; substrate artificially polluted with Cd and Pb; . . )
phytoextraction using Cd, Pb . for phytoextraction from Cd- and Pb-contaminated substrates under [64]
comparison between Amaranthus caudatus and e
ornamental plants . . , controlled conditions
R. communis (‘Sanguineus Apache’)
. . . Comparative assessment of mustard, sunflower, and Castor bean was described as a “robust grower” with high biomass production
Barium phytoextraction potential . - - .
. Ba castor bean for barium and therefore potential as a phytoaccumulator in the context of barium [65]
(comparison among crops) . . . . .
extraction/phytoaccumulation potential extraction studies
Phytoremediation of Ni-polluted Multi-crop experiment including R. communis; three Experimental design reported: seven crops including R. communis exposed to
o . - treatment levels 150, 300, 600 ppm plus control; harvest - . .
soil using agricultural crops Ni 150/300/600 ppm Ni; at the end of the biological cycle, plant organs were [66]

(including castor)

partitioned into plant organs (roots/stems/leaves/fruits

or seeds) for separate analysis

separately collected, dried, weighed, milled, and analyzed
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Table 2. Cont.

Evidence Focus

Metal(s)

Experimental Lever

Principal Observed Result(s) as Reported

Ref.

Remediation potential of naturally
grown castor in polluted river
catchments and suitability
for ericulture

Heavy-metal
pollution; values

explicitly reported for

Cd and Zn

Observational assessment of naturally grown castor;
biomass and chlorophyll used as tolerance indicators

Biomass and chlorophyll results were reported to indicate tolerance under
pollution conditions described as 0-5 mg/kg Cd and 380 mg/kg Zn

[67]

Endophytic bacteria associated
with R. communis: diversity, PGP
traits, and effect on metal
speciation in soil

Cu, Cd

Ilumina high-throughput sequencing of endophytic
bacterial communities in castor
tissues + cultivation-based isolation; evaluation of
plant-growth-promoting (PGP) traits; testing effects on
Cu/Cd speciation in soil

The study characterized endophytic bacterial communities and isolated
endophytes from castor, explicitly aiming to support phytoremediation by
examining PGP traits and reported effects on Cu and Cd speciation in soil

[68]

Accumulation of Pb, Cu, Zn in
plants growing on contaminated
sites (including R. communis) and

comparative
accumulation capacity

Pb, Cu, Zn

Field sampling of plants and associated soils; analysis of
total metal concentrations in soils and in plant shoots;
comparison among multiple species including cultivated
R. communis

Reported ranges: total soil concentrations Pb 1239-4311 mg/kg,

Cu 36-1020 mg/kg, Zn 240-2380 mg/kg; shoot concentrations Pb 6.3-2029 mg/kg,
Cu 20-570 mg/kg, Zn 36-690 mg/kg. R. communis was identified among plants
with strong potential for Pb phytoremediation, with the reported Pb
“hyperaccumulation capacity order” R. communis > D. orientalis > T. candida in the
investigated area

[69]

Physiological response of metal
tolerance/ detoxification in castor
under fly-ash-amended soil

Metals associated
with fly ash

Soil amendment with different fly ash levels; endpoints
framed as growth/photosynthesis, metal accumulation
potential, adaptive physiological responses, and
determining suitable amendment levels

The study explicitly aims to assess castor growth and photosynthesis under fly ash
amendments, evaluate metal accumulation potential across amendment levels,
analyze adaptive physiological responses, and determine suitable fly ash levels for
improved phytoremediation

[70]

Metal-resistant
plant-growth-promoting bacteria
(PGPB) and castor growth in
metal-contaminated soil

Heavy metals (soil
contamination
context)

Inoculation with metal-resistant PGPB strains (PsM6:
Pseudomonas sp.; PJM15: Pseudomonas jessenii);
characterization of PGP mechanisms (e.g., ACC
deaminase-related utilization, phosphate solubilization,
IAA production)

The study reported characterization of the metal-resistant PGPB (including ACC
utilization/ ACC deaminase-related mechanism, phosphate solubilization, and
IAA production) in the context of evaluating their influence on R. communis
growth in heavy-metal-contaminated soil

[71]

Lead uptake and tolerance in
R. communis

Pb

Pb exposure in a hydroponic system with evaluation of
uptake and tolerance responses

The study erroneously concluded that R. communis is a hyperaccumulator species

for Pb (Pb accumulates mainly in roots), but showed tolerance properties at “lead

light concentration,” framing it as a potential phytostabilyzer for Pb-contaminated
areas if confirmed in field studies

[44]

Combined citric acid + glutathione
to augment Pb tolerance and
phytoremediation

Pb

Combined application of citric acid and glutathione;
assessment of Pb stress tolerance, antioxidant machinery,
and Pb uptake

The study reported that under Pb stress, the supportive role of the combined
treatment (citric acid + glutathione) was higher than Pb treatment alone, in
association with enhanced Pb stress tolerance and Pb uptake-related
phytoremediation framing

[72]
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4.2. Use of Castor Bean for Phytoremediation of Petroleurn Hydrocarbons, Oil-Derived
Contamination and Organochlorine Pesticides

In addition to heavy metal remediation, castor bean has shown considerable potential
in the reclamation of hydrocarbon-contaminated soils. Through root exudation, R. com-
munis stimulates the activity and abundance of hydrocarbon-degrading microorganisms
in the rhizosphere, thereby enhancing rhizodegradation processes and accelerating the
breakdown of petroleum-derived compounds [29,73] (Table 3). Recent studies document
changes in soil properties and pollutants, tracking total hydrocarbon concentrations and
their impact during remediation efforts [74] (Table 3).

Phytoremediation of petroleum hydrocarbons using R. communis has primarily been
investigated within plant-assisted bioremediation frameworks that emphasize interactions
between plants, soil amendments, and microbial communities. Hasibuan et al. (2019) [75]
evaluated dispersant-assisted phytoremediation in petroleum-contaminated soils using
R. communis, defining phytoremediation as a process involving both plants and microor-
ganisms and demonstrating a comparative approach between dispersant-amended and
non-amended conditions [75] (Table 3). This experimental framing aligns with concep-
tual models that attribute petroleum hydrocarbon attenuation largely to rhizosphere-
driven processes and to enhanced microbial mineralisation rather than to plant uptake
alone [76,77] (Table 3).

Focusing on petroleum products as complex contaminant mixtures, Salau et al. as-
sessed the remediation potential of castor seed in petroleum-product-contaminated soils,
identifying total petroleum hydrocarbons (TPH) as the primary endpoint and explicitly
noting the co-occurrence of hazardous hydrocarbon classes, including PAHs, with heavy
metals [74] (Table 3). This mixture-based perspective is consistent with broader phy-
toremediation frameworks that treat petroleum contamination as a multi-component soil
restoration challenge [76,77] (Table 3).

Mechanistically, phytoremediation of petroleum hydrocarbons is widely described
as a plant-microbe-driven process capable of degrading, transforming, or immobilizing
organic contaminants. Truu et al. (2015) and Akpokodje and Uguru (2019) highlighted
complementary mechanisms, including rhizosphere stimulation, microbial mineralization,
volatilisation of lighter hydrocarbons, and plant-associated metabolism, providing the
conceptual basis for the widespread use of TPH/PAH metrics and microbial activity
indicators in experimental studies [76,77] (Table 3). This linkage between mechanism and
measurement is reflected in mesocosm-scale oil-sludge studies [78,79] (Table 3).

Amendment-assisted phytoremediation studies further demonstrate that petroleum
hydrocarbon pollution frequently co-occurs with heavy metal contamination. Umoren
et al. reported that different biochar types influenced phytoremediation performance in
petroleum-hydrocarbon-polluted soils and documented elevated exchangeable cations
associated with heavy metals in spent oil, based on initial measurements of TPH and
metal content in polluted versus unpolluted soils [80] (Table 3). Such co-contamination
patterns are consistent with observations that crude oil pollution can substantially in-
crease metal concentrations in surface soils, potentially affecting microbial degradation
processes [81] (Table 3).

Quantitative evidence supporting integrated bio-phyto remediation is provided by
Nanekar et al., who demonstrated that combining plants, nutrients, structural amend-
ments, and microbial consortia in oil-sludge mesocosms resulted in a 28-fold increase in
dehydrogenase activity, complete mineralization of higher PAHs, and up to 72.8% TPH
degradation compared with bioaugmented and control treatments [78] (Table 3). Similarly,
Rossiana et al. (2018) applied fungal consortia and mycorrhizae in a 35% oil-sludge compost
matrix and monitored temporal changes in Pb, Ni, TPH, PAHs, and fungal abundance,
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operationalizing phytoremediation as a dynamic system addressing both hydrocarbons
and metal co-contaminants [79] (Table 3).

Finally, observational studies indicate that petroleum contamination induces measur-
able shifts in soil physicochemical properties over time. Okafor reported pH increases
toward alkaline values, changes in nutrient-related variables, and increases in electrical
conductivity following crude oil contamination, and a progressive decrease in heavy metal
concentrations with remediation time [82] (Table 3). These trends align with broader evi-
dence that petroleum-polluted soils often exhibit elevated metal loads that may gradually
decline during remediation, with implications for microbial activity and hydrocarbon
degradation efficiency [81] (Table 3).

Concerning organochlorine pesticides, only one work reported the potential of castor
bean in their remediation. However, there are several supporting, but less direct, pieces of
evidence that R. communis could be employed as a phytoremediation plant in contexts that
include pesticides.

In this contest, a secondary line of evidence comes from Hasibuan et al. (2019) [75],
who indicate that phytoremediation encompasses the use of plants and microorganisms
to remediate environments contaminated with pesticides and toxic organic compounds.
Although this reference is not focused solely on OCPs, it still asserts that R. communis is
utilized as a phytoremediation plant within a broader contaminant context that includes
pesticides [75] (Table 3). Hierarchically, this evidence is less robust compared to the targeted
study on R. communis and OCPs [83], but it is cohesive with the broader literature that
acknowledges phytoremediation as a component of remediation strategies for pesticide-
affected environments [84,85] (Table 3).

Castor bean has been specifically evaluated as a phytoremediation plant for soils
contaminated with organochlorine pesticides (OCPs), with an emphasis on the physico-
chemical constraints that limit plant-mediated transfer of hydrophobic compounds. In
the castor-specific study synthesized in the evidence map, R. communis was assessed for
soils polluted with OCPs, including heptachlor and aldrin, and the principal contribu-
tion was mechanistic rather than quantitative [83] (Table 3). OCPs were characterized as
naturally nonpolar pollutants whose phytoremediation is constrained by low aqueous
solubility, making solubilization a prerequisite for plant transfer. Root exudates, including
citric acid, other organic acids, and proteins, were identified as biologically mediated
agents capable of increasing the solubility and effective availability of persistent organic
pollutants in the rhizosphere, thereby conditioning the potential success of castor-based
phytoremediation [83] (Table 3).

Table 3. Evidence map of castor bean (R. communis) and oil-derived contamination phytoremediation
outcomes and principal observed results.

Evidence Focus

Contaminant(s) Experimental Lever Principal Observed Result(s) as Reported Ref.

Castor-based
phytoremediation with
dispersant

contaminated soil
(TPH-focused context)

Study evaluated effectiveness of dispersant
addition for phytoremediation of
petroleum-contaminated soil using castor bean [75]
(petroleum-remediation performance assessed via
petroleum contamination metrics)

Addition of oil spill
dispersant during
phytoremediation using
R. communis

Petroleum-

Castor-based (seed)
remediation assessment

Study assessed potential of castor seed for
remediation; framed TPH as a major concern linked
to petroleum product release and characterized [74]
petroleum hydrocarbons as mixtures of
hazardous compounds

Use/assessment of castor

Petroleum seed in a
products/TPH petroleum-contaminated
so0il remediation context
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Table 3. Cont.
Evidence Focus Contaminant(s) Experimental Lever Principal Observed Result(s) as Reported Ref.
Phytoremediation described as relying on
. Toxic organic combined action of plants and associated microbial
Plant-assisted & P
. . compounds in Plant-microbe combined communities to
bioremediation: . . . . . . . - . [76]
conceptual basis soils/sediments; action (review synthesis) degrade/remove/transform/immobilize toxic
treatment wetlands compounds in soils and sediments
(including organics)
Petroleum Biochar types evaluated for enhancing
Amendment-assisted hydrocarbons in soil; . . phytoremediation of . . .
hvtoremediation in spent-oil Comparison of biochar petroleum-hydrocarbon-polluted soils; discussion [80]
Py . pentolt types as enhancers notes association of heavy metals in spent oil with
petroleum-polluted soil co-contamination ) . -
context soil particles and exchangeable cations
(co-contamination relevance)
Integrated Bulking agent + nutrients ~ 28-fold increased dehydrogenase activity, complete
microbe-assisted Oil sludge: TPH + microbial consortium + mineralization of higher PAHs, and 72.8% TPH 78]
phytoremediation and PAHs plant (mesocosm degradation reported under integrated /planted
benchmark (quantitative) integration) treatment conditions
Funei + mvcorrhizae Consortium fungi Study evaluated changes/reductions in TPH and
bio— gh to ay roach in Oil sludge: TPH, inoculation with PAHs alongside Pb and Ni in contaminated soil [79]
b 3’11 slupdp o PAHs; plus Pb and Ni mycorrhizae (integrated under fungal consortium and
& bio—phyto) mycorrhizae treatment
Crude oil contamination reported to shift soil
Petroleum contamination Crude oil Observational assessment physicochemical characteristics and microflora;
effects on soil and contamination (soil over remediation time heavy metal contents in contaminated soils [82]
remediation trajectory system-level) reported to decrease with increasing
remediation time
Phytoremediation described as using plants and
Petroleum-soil Hydrocarbons and Plant + associated associated microorganisms to restore soils/water
. . associated . . contaminated with hydrocarbons (and potentially [77]
phytoremediation framing . microorganisms .
contaminants heavy metals), supporting hydrocarbon-focused
plant-assisted bioremediation framing
Cgﬁy:igﬂ;go(ﬁlg?ﬂizzid Growth reductions were linked (in the study
Growth response of castor . . / p discussion) to disruption of soil physical properties
- - Spent lubricating oil growth/stomatal . . .
bean in spent lubricating A O . by crude/spent oil, creating hydrophobic and [86]
. . contamination parameters; interpretation . i - . .
oil-polluted soil in terms of soil anaerobic conditions, potentially associated with
physical changes stomatal closure and decreased dry weights
Phytoremediation trial
. explicitly implemented Study aimed to collect evidence for
Phyﬁoﬁfgsgsszg? of Hvdrocarbon- with compost addition; phytoremediation of hydrocarbon-contaminated
Y - . yare . selection of R. communis soils under an approach that included compost [87]
contaminated soils using contaminated soil -, .
castor bean + compost (Jarak Kepyar) also addition and used R. communis as the selected
motivated by biodiesel plant species
feedstock potential
Sfll)i-gglhil;e;eizg; R. communis evaluated for phytoremediation of
Castor evaluation for OCP conrl, oun};ls include Cultivation/evaluation of ~ OCP-polluted soil; study emphasizes that nonpolar
phytoremediation P R. communis as POPs require solubilization for transfer and that [83]

(castor-specific)

heptachlor and aldrin
(chlorinated
hydrocarbons)

phytoremediator

root exudates (e.g., citric acid and other organic
acids/proteins) can increase POP solubility

4.3. Research Needs Specific to Castor Bean Phytoremediation

Castor bean emerges as a strong phytomanagement candidate due to its rapid growth,

stress tolerance, and non-edible industrial oilseed status, enabling deployment on marginal

or contaminated lands without competition with food crops [88,89]. Its phytoremediation

potential is frequently coupled with biomass valorisation, particularly biofuel produc-

tion, supporting a “win-win” strategy for low-productivity or polluted soils [88,90,91].

Nonetheless, operational use requires strict management of safety risks associated with

ricin-containing seeds, even when industrial oil is the primary end product [11,92-94].

Experimental evidence indicates that castor bean is applicable across multiple con-

taminant classes through a combination of tolerance, uptake or attenuation capacity, and
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compatibility with enhancement strategies. It has been evaluated for Cd and Pb phytoreme-
diation using quantitative accumulation frameworks and shows management-dependent
responses, including reduced Pb uptake under liming at specific growth stages [41,42,48].
Performance can be modulated by soil amendments or chelants, although field transfer
may be constrained by persistence and toxicity concerns [51,95], and by plant-microbe in-
teractions, including metal-resistant plant-growth-promoting bacteria [71]. Beyond metals,
castor has been applied to petroleum hydrocarbon-contaminated soils and to organochlo-
rine pesticide-polluted soils, where remediation efficiency is governed by contaminant
availability and hydrophobicity, potentially alleviated through solubilization processes and
root exudates [75,83]. Its use as a model species for pesticide systemicity further supports
its capacity to absorb and translocate xenobiotics [83,96].

Overall, the literature supports castor bean as a multifunctional but site- and
management-dependent phytoremediation species rather than a universal hyperaccu-
mulator. Co-contamination scenarios and enhancement-related risks highlight the need for
integrated monitoring, careful amendment selection, and realistic remediation endpoints,
positioning castor most effectively within engineered phytomanagement systems that
integrate stress-tolerant biomass production, controlled enhancement strategies, and safe
handling practices [71,88,90,94]. Nonetheless, there is a need for enhanced field-scale vali-
dation and long-term monitoring, particularly in managing bioavailability and microbial
interactions as central research priorities. Furthermore, the integration of plant-microbe
strategies with R. communis requires systematic optimization in diverse contamination
scenarios, consistent with established plant-assisted bioremediation findings and castor’s
sensitivity to environmental modifiers.

4.4. Comparison with Other Plants

Several plant species have been investigated for phytoremediation purposes, including
both hyperaccumulator plants and high-biomass crops. Classical hyperaccumulators
such as Thlaspi caerulescens are characterized by extremely high metal accumulation
capacity, but their relatively low biomass production often limits their practical remediation
efficiency under field conditions. In contrast, high-biomass species such as Brassica juncea,
Helianthus annuus, Salix spp., and Populus spp. have been widely studied because they
combine moderate contaminant uptake with higher biomass productivity and broader
environmental adaptability.

A comparison of selected phytoremediation plant species is presented in Table 4, high-
lighting differences in remediation strategy, biomass production, and practical applicability.
Within this context, Ricinus communis represents a particularly promising candidate due to
its high biomass production, tolerance to multiple abiotic stresses—including drought, salin-
ity, and heavy metal contamination—and its suitability for cultivation on marginal lands. In
addition, the industrial value of castor oil and its derivatives allows the harvested biomass
to be integrated into bio-based value chains, reducing the economic constraints typically
associated with phytoremediation projects. This dual functionality positions castor bean
as a strategic species for phytomanagement systems, where environmental remediation is
coupled with renewable resource production and circular bioeconomy strategies.

Table 4. Comparison of selected phytoremediation plant species with Ricinus communis in terms of
remediation strategy, biomass production and practical applicability.

Species Main Phytoremediation Bloma.ss Key Advantages Main Limitations References
Strategy Production
. . . Low biomass limits
Thiaspi caerulescens Hyperaccumulation of Low Very high metal accumulatlon field-scale remediation [36,38]
Zn and Cd capacity -
efficiency
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Table 4. Cont.
. Main Phytoremediation Biomass s el .
Species Strategy Production Key Advantages Main Limitations References

Brassica juncea

Phytoextraction of heavy
metals uptake potential

Often requires
chelating agents to [46,51]
enhance uptake

Moderate Fast growth and high metal

Phytoextraction and

High biomass production and Potential competition

Helianthus annuus phytostabilization Moderate-high wide adaptability with food production [65]
systems
Salix spp. Phytostablhzatl(.)n and High Perennial growth and deep Requ.lres long-term [43]
phytoextraction root system plantation management
Fast-growing trees with Long remediation time
Populus spp. Phytostabilization High 8 5 and site-specific [57]
extensive root systems -
adaptation
High biomass production, . .
. L Seed toxicity requires
- . Phytoextraction and . tolerance to abiotic stresses, . )
Ricinus communis e High . . controlled biomass [2,41,88]
phytostabilization non-food industrial crop, handling

biomass valorisation potential

5. Genetic Improvement Approaches
5.1. Objectives of Genetic Improvement

At present, most castor bean (Ricinus communis L.) seeds are still harvested manually,
making the development of varieties suitable for mechanical harvesting a major focus of
research. The main limitations to the use of castor bean as an annual grain crop are its
perennial growth habit and the presence of ricin, a highly toxic protein found in the seeds
and in the residual meal after oil extraction.

Genetic improvement efforts in castor bean target conventional breeding goals, in-
cluding increased yield and oil content, improved disease resistance, and greater earliness.
Male-sterile lines have already been developed, allowing the exploitation of heterosis,
and Fusarium-resistant hybrids have also been obtained. Nevertheless, the potential for
substantial genetic progress remains limited until annual genotypes fully compatible with
combine harvesting are developed [97].

Interest in castor oil continues to be high, and genetic engineering may play a key role
in reducing allergenicity and ricin content in the seeds. Advances in genome sequencing,
molecular markers, gene mapping, gene expression analysis, and proteomics are expected
to accelerate the identification of key genes involved in traits such as oil biosynthesis and
ricin production. These genes could then be rapidly modified using modern genome-editing
techniques. In the short to medium term, however, conventional breeding approaches are
expected to continue making an important contribution to the improvement and expansion
of castor bean cultivation [11].

5.2. Genetics Tools

Genetic resources constitute the foundation of castor bean (Ricinus communis L.) im-
provement, providing the raw material for breeding programs aimed at enhancing agro-
nomic performance, stress tolerance, oil quality, and environmental suitability. Major
castor bean germplasm collections are currently maintained in India, Brazil, and the United
States, where several hundred accessions representing diverse eco-geographical origins are
conserved [11,98,99]. Owing to its predominantly cross-pollinated reproductive system, R.
communis exhibits a high degree of genetic and phenotypic variability, which is reflected in
a wide range of morphological, physiological, and biochemical traits [9,98,99].

Despite this extensive genetic diversity, castor bean germplasm remains largely under-
characterized and underutilized in breeding programs. Incomplete phenotypic evaluation,
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limited molecular characterization, and restricted access to germplasm collections have
constrained the effective exploitation of available diversity for varietal development [4,9].

Classical breeding approaches in castor bean have traditionally relied on mass selec-
tion, recurrent selection, pedigree breeding, and hybrid development, exploiting natural
outcrossing to combine desirable traits. These methods have been successfully used to
improve seed yield, oil content, plant architecture, and disease resistance, particularly in
major producing countries such as India and Brazil [9,98]. However, breeding progress
has been relatively slow compared to other industrial crops, largely due to long selection
cycles, genotype X environment interactions, and limited integration between genetic
resource management and applied breeding. Recent advances in molecular breeding
and genome editing have opened new perspectives for improving the phytoremediation
potential of castor bean by enabling the targeted enhancement of traits related to stress
tolerance, contaminant uptake, and biomass productivity. The increasing availability of
molecular markers, transcriptomic datasets, and reference genome sequences has facilitated
the identification of genes and quantitative trait loci (QTLs) associated with heavy metal
transport, chelation, sequestration, and detoxification pathways [100-102]. Marker-assisted
selection (MAS) and genomic-assisted breeding approaches allow breeders to more effi-
ciently exploit existing genetic variability for traits such as metal tolerance, antioxidant
capacity, root architecture, and reduced ricin content, which are critical for safe and effective
phytoremediation applications.

High-throughput transcriptomic and proteomic studies have further elucidated the
molecular mechanisms underlying castor bean responses to heavy metals and salinity,
revealing the upregulation of genes involved in metal transporters (e.g., ZIP, NRAMP, and
ABC transporters), phytochelatin synthesis, vacuolar sequestration, and reactive oxygen
species scavenging [3,103]. These insights provide valuable targets for both conventional
molecular breeding and genome editing strategies. In this context, CRISPR/Cas-based
genome editing represents a promising tool to precisely modify genes controlling contam-
inant accumulation, translocation, and tolerance, while simultaneously addressing key
constraints such as excessive ricin biosynthesis or undesirable plant architecture [9,101].

6. Defatted Seed Cakes (DSCs) Detoxification: Background and
Future Perspectives

As discussed above, castor oil displays excellent chemical properties, enabling multiple
industrial applications [11,18]. The main by-product of oilseed processing is defatted seed
cake (DSC), accounting for approximately 50% of the total seed weight. From a circularity
perspective, its valorisation is essential to enhance process sustainability [28].

The substantial protein content of castor DSC, i.e., 44.4 £ 9.1 g 100 g_1 (n = 8) [88,104-109],
suggests its potential application in both monogastric and ruminant diets [110]. How-
ever, its transport, storage and use are limited by the presence of ricin in the seed en-
dosperm (1.6-32 mg 100 g~ ! seed) [111], which can further concentrate in the DSC after oil
removal [112]. The high toxicity of ricin is mainly related to the A and B chains constituting
the molecule. A single A-chain can irreversibly inactivate ~1500 ribosomes per minute,
leading to rapid cell death [113], while the B-chain binds glycoproteins and glycolipids,
facilitating the internalization of A-chain into cells [114]. The lethal dose of ricin (LD50) for
livestock is 1-65 mg kg ~! by ingestion (depending on the species and the context) [115],
while for humans it is around 20 mg kg ! by ingestion and 0.5 mg kg~! by inhalation [116].
Given the maximum ricin concentrations in castor seeds, and based on the average oil
content [11,12] to estimate the corresponding amount in DSC, the fatal quantity of DSC
upon ingestion for major livestock species can be calculated. The estimated ranges are
1.1-36 kg of DSC for cattle, 0.3-20 kg for pigs and 2.3-156 g for broilers. These values
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represent plausible ranges, although considerable variability exists [92]. Several cases of
intoxication have been reported for dogs, cattle, and horses, whereas chickens are generally
considered more tolerant [92]. In humans, inhalation of 50 g of DSC could be potentially
lethal, although hospital admissions have been reported after ingestion of only 1-5 seeds
(~0.5-3 g) [92]. Castor DSC has traditionally been recovered as a fertilizer [108], a practice
that does not eliminate the associated risk [92]. Numerous poisoning cases have been
reported in Europe, America, and Asia, such as domestic animal intoxication following
ingestion of organic fertilizer containing castor DSC [92].

Full sanitisation can be achieved through combustion (with high thermal recovery
reported for castor husk) [117], pyrolysis, and gasification [118].

In particular, biochar produced from the pyrolysis of R. communis L. biomass, includ-
ing both aboveground tissues and the residual seed cake after oil extraction, can play a
key role in integrated phytoremediation and bioenergy systems. During thermochemi-
cal conversion, metals accumulated by the plant are largely retained in the solid biochar
fraction, where they can be immobilized through physical entrapment, surface complex-
ation, and interactions with mineral ash components, thereby reducing metal mobility
and bioavailability [119]. At the same time, pyrolysis enables energy recovery through
the production of syngas and bio-oil, improving the overall sustainability of the process
(Figure 3). Moreover, the transformation of biomass carbon into stable aromatic structures
makes biochar highly resistant to degradation, enabling long-term carbon sequestration
in suitable environmental or soil management applications [120]. This multifunctional
approach supports contaminant stabilization, renewable energy production, and climate
change mitigation within circular bioeconomy frameworks.

Castor bean cultivation on contaminated soil

harvesting
biomass seeds
pyrolysis cold pressing
cake

eFeedstock for biodiesel and biolubricants
¢ Production of biopolymers and plastics
*Cosmetics and personal care products
ePharmaceutical excipient and drug carrier
e Agricultural formulations (biopesticides,
additives)

e Industrial lubricants and hydraulic fluids

t—» eEnable long-term carbon sequestration
stabilizing heavy metals

Figure 3. Ricinus communis (castor bean) cultivation and processing chain highlighting its role in
sustainable bio-based systems, carbon management, and phytoremediation. The scheme depicts
biomass production on marginal or contaminated soils, harvesting, cold pressing, and downstream
valorization pathways, including oil cake utilization and pyrolysis. Arrows indicate material and
energy flows between process stages. Process outputs are highlighted in red, with particular emphasis
on biochar production for long-term carbon sequestration and heavy metal stabilization, contributing
to soil remediation and environmental sustainability.

Despite achieving complete ricin degradation, these methods prevent the exploitation
of the high nutritional content of DSC, including crude protein, unsaturated fatty acid and
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fibers [106]. Therefore, a wide range of detoxification strategies were proposed over time to
obtain a safe product suitable as fertilizer or feed [106-108].

Conventional detoxification strategies mainly include physical treatments exploiting
temperature and pressure variations to inactivate ricin. Such approaches have been re-
ported since 1949 [121] and many remain in use. The main ones are wet heat treatments,
such as boiling [122,123], steaming [124,125], autoclaving [113,120], water soaking [124]
and microwaving [126]. Boiling for 20 min achieved partial ricin detoxification [122], with
a maximum ricin reduction of 90% after a 60 min treatment [124]. Water soaking for
6 h achieved an 84% reduction, while no significant improvements were reported after
12 h [124] or 72 h of treatment [127]. Moist heating of Jatropha curcas DSC in a water bath at
100 °C for 60 min did not show any significant effect on toxin reduction [128]. Although
Jatropha does not contain ricin, this information has been included for completeness, given
the high toxicity of both oilseed cakes and the similarity of the detoxification techniques.
Steaming resulted in a significant reduction in ricin content, with complete detoxification
achieved after 3 min at 170 °C and a pressure of 8 bar [124,125]. Among the methods
mentioned above, autoclaving is consistently reported as an effective treatment to fully in-
activate ricin. Autoclaving for 15 min resulted in approximately 99% ricin inactivation [113],
whereas a 60 min treatment achieved complete detoxification [124].

In addition to wet heat treatments, dry heat methods have been explored. Dry heating
up to 160 °C generally resulted in insufficient detoxification (~50%), whereas 205 °C
eliminated toxicity, causing DSC carbonization [123]. Microwave treatment at 1100 W
applied in 30 s intervals for 2 min increased DSC temperature to 120-130 °C, without
achieving complete detoxification [123].

Overall, wet heat treatments were found to be more effective than dry heating due to
the heat-labile and water-soluble nature of ricin. Among them, autoclaving for 15-60 min
appears to be the best option to achieve full detoxification [113,124]. Nevertheless, less
energy-intensive approaches, such as room-temperature water soaking, exhibited consid-
erable efficacy (up to 86% ricin reduction), indicating a favorable cost-benefit balance.
In support of adopting these methods, Diarra and Seidavi (2020) reported that partially
detoxified castor meal can be used in poultry diets, provided that appropriate inclusion
rates (50-400 g kg 1) are applied [106]. Moreover, application of partially detoxified castor
DSC in ruminants’ diets did not reduce nutrient intake and animal growth [129,130].

Despite the effectiveness of physical detoxification methods, energy-intensive pre-
treatments may cause amino acid denaturation and nutrient loss [127]. As an alternative,
chemical detoxification strategies have been reported in the literature since the 1960s [131].
Calcium oxide (CaO) and calcium hydroxide [Ca(OH),] represent the most widespread due
to their efficacy; soaking DSC in 4-8% (w/w) CaO or 3% (w/w) Ca(OH); for 8 h resulted in
full detoxification [21,132]. Comparable results were obtained with 24 h treatments [133],
suggesting that shorter times do not compromise efficacy. Combining 1.5% (w/w) CaO
treatment with autoclaving at 121 °C achieved total detoxification within 30 min, improving
overall performance [110]. The efficacy of alkaline treatments is attributed to peptide bond
damage in ricin molecules, thus allowing full detoxification and potential inclusion of
castor DSC in ruminant diets up to 200 g kg ! feed [110].

Beyond CaO and Ca(OH),, several compounds have been tested. Calcitic limestone,
magnesian limestone, urea, potassium chloride (KCl), sodium chloride (NaCl), dical-
cium phosphate (CaHPO,) and monocalcium phosphate [Ca(H2POy),] resulted in 20-40%
lectin degradation when used at 3% (w/w) concentration. In contrast, sodium hydroxide
(NaOH) achieved an average detoxification of ~80%, approaching the efficacy of CaO and
Ca(OH); [133]. Overall, CaO, Ca(OH), and NaOH demonstrated greater efficacy than other
compounds, generally leading to complete detoxification.
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In the last two decades, several biological approaches have been studied. Solid-
state fermentation (SSF) has been exploited to produce enzymes from castor DSC using
various fungal strains [134-136]. Penicillium simplicissimum grown on castor DSC produced
significant amounts of lipase and protease, concurrently achieving full ricin detoxification
after 48-72 h [137]. Similar outcomes were reported for Aspergillus japonicus (cellulase
production) [134] and Paecilomyces variotii (tannase and phytase production) with full
ricin detoxification after 48 h [138]. Moreover, SSF of other toxic biomasses, such as
DSC of Jatropha curcas, resulted in high enzyme yields and full detoxification, confirming
its effectiveness [139].

An innovative strategy involving the application of Response Surface Methodol-
ogy (RSM) has been recently developed to optimize traditional physical and chemical
treatments [102]. RSM is a set of statistical and mathematical tools used to model, analyze,
and optimize processes influenced by multiple independent variables [102]. By optimizing
processing conditions of physical pretreatment through RSM (3 h, 1.6 bar and 84.8 °C),
a ricin removal efficiency of 99% was achieved [102], demonstrating that detoxification
comparable to chemical treatments can be achieved while reducing the energy input needed
for autoclaving.

Additional approaches to optimizing traditional processes include reactive seed crush-
ing, which integrates seed pressing, solvent extraction, oil refining, transesterification,
and meal detoxification into a single process, enabling complete ricin degradation [140].
Moreover, improved hexane extraction of oilseeds reduced DSC toxicity to levels tolerable
for small ruminants’ diets [108].

Overall, this paragraph highlights how the evolution of detoxification strategies is
enabling the simultaneous valorisation of castor DSC, for example, through fermentation
to produce highly valuable bioproducts. Moreover, traditional strategies remain effective
for fully or partially detoxifying castor DSC prior to its use as feed or fertilizer, while
novel approaches, such as RSM, can optimize these processes by reducing inputs and,
consequently, costs.

7. Socioeconomic and Environmental Sustainability of the Castor
Value Chain

The castor bean (Ricinus communis L.) value chain represents a compelling example
of how non-food industrial crops can contribute to both socioeconomic development and
environmental sustainability. From a socioeconomic perspective, castor cultivation provides
income diversification opportunities for farmers, particularly in rural and marginal areas
where conventional food crops are less profitable or agronomically constrained. The crop’s
adaptability to low-input systems, combined with its resilience to drought, salinity, and
poor soil fertility, makes it suitable for smallholder farming systems as well as large-
scale industrial applications [4,9]. Moreover, the growing global demand for castor oil
and its derivatives in sectors such as bio-based chemicals, pharmaceuticals, cosmetics,
lubricants, and polymers supports stable market prospects and value addition along the
supply chain [5,22].

From an environmental sustainability standpoint, the castor value chain aligns well with
circular economy and bioeconomy principles. Castor bean can be cultivated on marginal,
degraded, or contaminated lands, reducing land-use competition with food production while
contributing to soil remediation, erosion control, and ecosystem restoration [2,3].

According to the FAO Global Map of Salt-Affected Soils (GSASmap), more than
424 million hectares of topsoil and 833 million hectares of subsoil are affected by salinity
worldwide; these areas are expected to expand due to climate change, sea-level rise and
unsustainable irrigation practices [17].
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The use of castor oil as a renewable feedstock helps decrease dependence on fossil-
based resources and lowers the carbon footprint of industrial processes, particularly when
integrated into low-input and locally adapted production systems [6]. Additionally, by-
products such as residual biomass can be valorized for energy generation or industrial uses,
further improving resource-use efficiency and overall life-cycle sustainability [141].

Nevertheless, challenges remain in ensuring the long-term sustainability of the castor
value chain. These include occupational and environmental safety concerns related to
ricin toxicity, limitations in mechanized harvesting, variability in yield and quality, and the
need for improved governance and traceability along the supply chain [3,5]. Addressing
these constraints through technological innovation, breeding programs, and appropriate
policy frameworks will be essential to fully realize the socioeconomic and environmental
benefits of castor-based systems. Overall, when managed within a sustainability-oriented
framework, the castor value chain has strong potential to support rural development, green
industrial transitions, and climate-resilient agricultural systems.

To translate the sustainability perspective discussed in this review into an operational
decision framework, Table 5 summarizes key monitoring indicators and decision criteria for
castor-based phytoremediation systems. The framework integrates contaminant fate across
the entire system from soil contamination to biomass processing pathways, as illustrated
in the process chain shown in Figure 3. By combining remediation indicators (e.g., BCF,
TF, soil contaminant depletion) with sustainability metrics such as greenhouse gas balance,
energy efficiency, and carbon sequestration through biochar production, this approach
supports a circular bioeconomy strategy in which contaminated soils can be progressively
restored while generating renewable resources.

Table 5. Operational framework for sustainability assessment of castor-based phytoremediation
systems integrating remediation performance, contaminant fate and circular bioeconomy valorisation
pathways (see process chain in Figure 3).

System Stage

Key Metrics

Contaminant

Fate/Control Point Decision Criteria Ref.

Monitoring Indicators

. . Go: contamination
Soil contaminant

Environmental risk;

Contaminants present in

concentration;

compatible with plant

Site assessment feasibility of soil matrix bioavailable fraction; pH; growth. Stop: toxicity [6,43,46]
phytomanagement . prevents plant
organic matter .
establishment
Biomass Initial contaminant Pli?;;&rszlv?;l?te; Go: adequate biomass
Plant establishment  productivity; plant uptake in roots ass yiexdy production and [41,70]
physiological
tolerance and shoots o tolerance observed
stress indicators
i L Transfer or stabilization BCE; TF; contaminant Go: measurable uptake or
Phytoremediation Remediation . . concentration in tissues; s
.. of contaminants in . . stabilization of [36,39,51]
phase efficiency soil contaminant .
plant organs . contaminants
reduction
Resolrce recovery: Contaminants Contaminant levels in Go: biomass contamination
Biomass harvesting safe y: accumulated in roots, stems, leaves and compatible with controlled [88,94]
ty plant biomass seeds; biomass yield management
Energy balance; Contaminant partitioning ~ Contaminant distribution . .
. . - . . . Go: contaminants retained
Biomass processing circular resource between oil, cake in process fractions; o . . [119]
. . mainly in solid residues
efficiency and residues energy demand
Carbon
Biochar sequestration; Metals retained in Biochar contaminant Go: contaminant mobility
O . . . 1 L [119,120]
stabilization contaminant biochar matrix content; leachability tests significantly reduced
immobilization
Environmental and Integration of LCA; GHG emissions; Go: remediation and
System . . . . . . )
. economic remediation and biomass energy balance; valorisation benefits exceed [3,141]
sustainability o I .
performance valorisation cost-benefit indicators environmental costs
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8. Conclusions

The future development of castor bean (Ricinus communis L.)-based phytoremediation
systems will largely depend on the effective integration of genetic improvement, sustain-
ability, driven land management, and industrial valorization of biomass. Advances in
classical and molecular breeding, including marker-assisted selection and genome edit-
ing, offer unprecedented opportunities to develop castor genotypes specifically tailored
for contaminated and marginal environments, with enhanced contaminant uptake, stress
tolerance, optimized root architecture, and reduced biosynthesis of toxic compounds such
as ricin [3,9]. Coupling these genetic innovations with sustainable agronomic practices,
such as low-input cultivation, microbial-assisted phytoremediation, and site-specific nu-
trient management, can significantly improve remediation efficiency while minimizing
environmental footprints [6].

From an industrial perspective, the long-term viability of phytoremediation relies
on the safe and economically viable utilization of harvested biomass. The integration of
castor-based remediation with bio-based industrial value chains, including the production
of lubricants, polymers, bioenergy, and specialty chemicals, aligns with circular economy
principles and enhances the socioeconomic attractiveness of remediation projects [5,141].
However, achieving this integration requires robust regulatory frameworks, standardized
risk assessment protocols, and clear guidelines for biomass handling and processing,
particularly when dealing with contaminant-enriched plant material. Life cycle assessment
(LCA) and sustainability metrics will play a crucial role in evaluating trade-offs and
ensuring that phytoremediation systems deliver net environmental benefits [3].
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