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Chapter 9
Castor Oil: A Promising Source 
for the Production of Flavor and Fragrance 
Through Lipase-Mediated 
Biotransformation

Suman Singh, Naziya Syed, Shivani Chaturvedi, 
Ashween Deepak Nannaware, Prashant Kumar Rout, and Yung-Tse Hung

9.1  Introduction: Why Castor Oil?

Castor plant (Ricinus communis) belongs to the family Euphorbiaceae and is com-
monly known as Arandi in Hindi. Castor plants are cultivated in South America, 
India, and Africa and are widely grown in tropical regions [1]. Brazil, China, and 
India are the major castor-producing countries in the world [2, 3]. Over 90% of cas-
tor oil is exported by India. On the other hand, about 84% of castor oil is imported 
by the United States, European Union, and China [4]. The oil obtained from castor 
beans is nonvolatile fatty oil. It is a pale yellow semi-transparent liquid having a 
high boiling point and density. Castor oil and its derivatives are generally used in 
making soaps, paints, surface coating, inks, waxes, cold-resistant plastic, biodiesel, 
and lubricants. The importance of castor oil in the pharmaceutical industry is grow-
ing in terms of its use as an anti-inflammatory and antimicrobial agent. It also has 
good moisturizing properties, due to which it is regarded as safe for hair and skin [5].
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Furthermore, castor oil is also considered as a major raw material for the indus-
trial sector in the development of various products like perfumes and flavors, receiv-
ing increased attention nowadays. Castor oil is recognized as a low-priced, 
biodegradable, and low-toxic oil compared to other vegetable oils. Due to this rea-
son, it has attained an impetus in the food industry in terms of food additives, mold 
inhibitors, and flavoring agents [5]. Thus, all these characteristics of castor oil drive 
it toward high market growth and valued products.

Castor oil, rich in ricinoleic acid (RA), is generally used as a substrate for the 
production of γ-decalactone through biotransformation using efficient microbial 
catalysts. RA having a long-chain fatty acid composes around 85% of the fatty acids 
in castor oil [6, 7]. Consequently, it is promising to use castor oil as an economical 
way and in copious amounts for industrial production of γ-decalactone [8]. Recently, 
the use of the biotransformation method to produce aroma compounds has achieved 
significant global attention. This biotechnological conversion method is of low cost 
to produce flavor compounds. Before the bioconversion process, castor oil is sub-
jected to the hydrolysis process to produce 85% of pure RA-enriched castor oil [9]. 
Several microorganisms such as Candida, Yarrowia lypolytica, Pseudomonas, and 
Rhodotorula have been reported to potentially produce aroma compounds [10]. 
RA  enters the mitochondria within the cells of microorganism and degrade to 
4-hydroxy-decanoyl-CoA after four β-oxidation cycles, which subsequently 
cyclizes to γ-decalactone in the biotransformation process [11].

The current review mainly focuses on the properties, market value of castor oil, 
and biotechnology methods to make value-added products from castor oil.

9.2  Geographical Distribution of Castor Plants

Castor is a perennial plant adapted to grow in tropical climates with a height of 
10–12 m, whereas in temperate regions it is an annual plant with a height of 1–3 m 
[12]. Castor plants grow well in low humidity seasons and fertile, slightly acidic, 
and sandy loam soil. The optimum temperature required to for their growth is about 
20–25 °C, but a temperature of above 35 °C can badly affect the seed setting. Cold 
temperature can trigger chilling injury reducing plant growth [13]. In ancient times, 
nearly about 6000 years ago, castor plants were cultivated for their oil content in 
Egypt [14]. Castor plants are native to the Ethiopian region of east African tropical 
regions and considered to be a weed in the south western United States. In India, it 
grows abundantly on wastelands [15]. India produced 54% while China 23.4% of 
castor seeds, followed by Brazil, i.e., 11.9%, in 2000–2009. Other countries that 
produce castor seeds are Mozambique, Thailand, Paraguay, Cambodia, Ethiopia, 
Indonesia, Madagascar, Peru, Russia, Philippines, Haiti, South Africa, Tanzania, 
Vietnam, Uganda, Syria, Pakistan, Ecuador, and Colombia [16]. The highest castor- 
producing states in India are Gujarat (7.02 lakh ha), Rajasthan (1.54 lakh ha), 
Andhra Pradesh (0.33 lakh ha), Telangana (0.22 lakh ha), and Odisha (0.04 lakh ha). 
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Narayanpet (6973  ha), Wanaparthy (5567  ha), Mahabubnagar (5104  ha), and 
Gadwal (2163 ha) are the major growing districts in Telangana.

9.3  Castor Oil Scenario

In 2020, the production of global castor market has reached to 740.5 kilotons 
(https://www.imarcgroup.com/castor- oil- manufacturing- plant). It is anticipated to 
show stable growth during the next 5 years. Asia Pacific leads the global market in 
the growth of castor oil due to the constant expansion in the field of pharmaceutical, 
surface coatings, and cosmetics industries. The largest market for castor oil has 
been acquired by China itself because of having large geographical area [17]. In the 
current pandemic (COVID-19) situation, many castor oil-producing entities have 
been closed down due to the lockdown imposed by the government of different 
countries, which has badly affected the market growth.

Due to the rising consumption of castor oil, its demand has increased globally at 
a rate of 7320 tons per year. Based on the increased demand, it is not sufficient to 
meet the expected rate of castor oil production for supply in the current pandemic 
situation. Therefore, as the previous trends have shown that castor oil costs and 
demand will increase gradually and are predicted to reach 1.81 billion by 2020 in 
the global market [18]. The increasing use of castor oil can be found due to its appli-
cation in biopolymer and biofuels industries, cosmetics, and pharma industries. 
Some companies working in the production of castor oil and its derivatives in the 
global market are Adani Wilmer Ltd., Gokul Agri international Ltd. (GAIL), Jayant 
Agro Organics Ltd., Kandla Agro and Chemicals Pvt. Ltd. (KACPL), Hokoku 
Corporation, Thai Castor Oil Industries Co., Liaoyang Huaxing Chemical Co. Ltd., 
Bom Brazil, ITOH Oil Chemicals Co. Ltd., and Kanak Castor Products Pvt. 
Ltd. [19].

The international castor oil market was recorded as $1180 million in 2018 and is 
projected to reach $1470 million by the end of 2025, rising at a CAGR (compound 
annual growth rate) of 2.8% between 2019 and 2025, according to global reports. 
India exports castor oil to Europe, Japan, China, and the USA [20]. Due to the trade 
war between USA and China, the demand from China has been slowed down. 
Moreover, due to the shortage in the supply of castor oil in 2019, the export rate is 
less as compared to 2018, when the country had exported 5.5–6 lakh tons of castor 
oil. In the local market, its price has grown by 27% to Rs 1150 per 10 kg from Rs 
900 a year ago, although the local market is very small compared to overseas 
demand [21].

The castor seed production increased during 2018–2019 because its prices 
enhanced up to 30% to Rs 54,750 a quintal. However, due to the COVID-19 pan-
demic across the globe, the prices have dropped to below Rs. 40,000 a quintal. Since 
then, the prices have improved after the increase of exportation up to 71,900 tons in 
May. From the commercial point of view, having hydroxylated fatty acid, castor oil 
is a vital component for the chemical industry worldwide [22].

9 Castor Oil: A Promising Source for the Production of Flavor and Fragrance…
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9.4  Composition, Properties, and Applications of Castor Oil

Different methods have been applied for the extraction of castor oil from castor 
beans, such as mechanical pressing, solvent extraction, or a combination of both. 
Depending on the geographical distribution, extraction methods, and varieties, cas-
tor seeds contain around 44–55% of oil by weight. The alterations in the castor oil 
properties can be a result of the extraction methods, different varieties, seasonal 
variations, and type of soil. For example, low iodine value, low acid value, and high 
saponification value have been reported in cold-pressed castor oil compared to sol-
vent extracted oil. In addition, the physicochemical property and composition have 
also been observed to be changed due to seasonal variations [23]. Resembling other 
vegetable oils, castor oil also contains unsaturated and saturated fatty acids attached 
to a glycerol [24, 25]. The castor oil mixture has a higher content of fatty acids, 
ricinoleic acid of around 90%, and other constituents in small amounts, as given in 
Table 9.1. The commercial value of castor oil has increased due to the presence of 
the high content of ricinoleic acid (RA), which can be utilized in various applica-
tions in the chemical industry.

Castor oil is colorless to pale yellow thick liquid with a unique taste, having a 
mild odor, and have a boiling point at 586 K [26]. The distinctive property of castor 
oil is due to the occurrence of the hydroxyl group in ricinoleic acid, which makes it 
complementary with plasticizers of a broad range of synthetic and natural resins, 
polymers, waxes, and elastomers [27]. For example, the oil has high specific gravity 
and viscosity; it has little solubility in aliphatic petroleum solvents while highly 
soluble in alcohols [28]. The physicochemical properties of castor oil are given in 
Table 9.2. In comparison to other oils, castor oil has the highest viscosity and is 
reported to be different in other parameters like cloud point, flash point, etc. As 
compared to standard engine oil (SAE 40), the values of thermal conductivity, pour 
point, viscosity, and density of castor oil were found to be higher [32].

Castor oil and its derivatives play a vital role in the production of soaps, lubricat-
ing agents, coating, pharma products, paints, plasticizers, food, pesticide, perfum-
ery, purgative, disinfectant, and germicidal agents [33]. Its high ricinoleic acid 
content allows its ready derivatization through the presence of the hydroxyl group. 
Biodiesel is also produced through the transesterification process. Due to these mul-
tiple applications, it is considered an industrial crop. Industrial uses of castor oil are 
given in Table 9.3.

9.5  Castor Oil Processing Techniques 
for Aromatic Compounds

As compared to other vegetable oils, castor oil is considered the most suitable raw 
material for industrial purposes to convert various high value-added products. Due 
to the presence of the high amount of RA in castor oil along with the occurrence of 
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Table 9.2 Physicochemical properties of castor, jatropha, and pongamia oil

Physical properties Castor oil [29] Jatropha oil [30] Pongamia oil [31]

Density (Kg/m3) 899–955 889.27–910 924
Viscosity kinematic 40 °C (mm2/s) 15.25 33.86 40.2
Thermal conductivity (W/m°C) 4.727 0.09 –
Oxidation stability (110 °C, h) 1.1 – –
Specific heat (kJ/kg/K) 0.089 4.73 –
Cloud point (°C) −13.4 2 3.5
Flash point (°C) 260 144.67–292 225
Pour point (°C) 2.7 2.67 −3
Refractive index 1.480 1.48 –
Lipid content (%) 43.30 – –
Moisture content (%) 0.20–0.30 – –
Acid value (mg/g) 2.07–14.80 3.38 5.40
Iodine value (mg/g) 58.39–84.50 187.3 87
% Free fatty acid 3.4–7.4 1.70 –
Saponification value (mg/g) 175–182 – –
Peroxide value (mg/kg) 10–158.6 – –
Fire point (°C) 256 – –
Smoke point (°C) 215 – –
pH 5.8–6.2 – –
Congealing temperature (°C) 18 – –

hydroxyl and carboxyl groups and double bonds, it has more potential and versatile 
applications in various industries [14]. It is also used in the formation of aroma 
compounds where the oil needs to undergo a biotransformation process to obtain 
value-added aroma compounds by using microbial catalysts. Before the biotransfor-
mation method, the castor oil undergoes chemical hydrolysis to purify the RA for 
maximum conversion of aroma compounds. Cosmetics and pharmaceuticals 
accounted for over 25% of total market volume in 2013 and was the largest applica-
tion segment. Growing demand for bioingredient-based cosmetics would continue 
to remain a key driver for this segment. Castor oil and its derivatives are used in a 
number of industries for the production of a wide variety of products. It is utilized 
as a raw material in the production of a number of chemicals, which are further used 
in the fabrication of surfactants, soaps, cosmetics, surface coatings, pharmaceuti-
cals, perfumes, plasticizers, greases, lubricants, and rubber (Table  9.3). Its basic 
derivatives, undecylenic acid and heptaldehyde, are used to produce various per-
fumery compounds [41]. In pharmaceuticals and cosmetics, it is used as an ingredi-
ent in various formulations. The demand of around 4% of flavors and fragrance 
from castor oil per annum is estimated globally. In Asia/Pacific region, the demand 
for flavors and fragrances is estimated to be rising at a rate of about 7% per annum 
through 2008. The current research studies mainly focus on the development of 
flavor and fragrance from natural sources and have a preference to utilize raw mate-
rials that are safe and biodegradable. In light of this fact, there is an excellent pos-
sibility for castor oil derivatives in the international market.
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Table 9.3 Applications of castor oil and its derivatives

Products Application References

Fuel and biodiesel Fatty acid methyl esters of castor oil when blended 
with diesel fuel work as biodiesel

Bello and Makanju 
[34]

Polymer materials Castor oil was cross-linked and polymerized with 
sulfur or di-isocyanates to produce the vulcanized 
and urethane derivatives, respectively; plasticizers, 
coupling agents, plastic films, polyols

Yenwo et al. [35]

Lubricants Castor oil has been utilized to produce soaps, wax, 
hydraulic fluids, corrosion inhibitors, aircraft 
lubricants, jet engine and racing car lubricants, and 
greases in some studies

Burt and Mealy [36]; 
Lehrer et al. [37]; 
Dwivedi and Sapre 
[38]

Fertilizers Mixture of castor cake and castor husks used as 
fertilizer supported significant plant growth up to 
the dose of 4.5% of meal

Lima et al. [39]

Coatings and paints Castor oil can be successfully dehydrated by 
nonconjugated oil–maleic anhydride adducts to 
provide constructive paint or furniture oil 
applications; plasticizer for coatings, lacquers, and 
varnishes

Grummitt and Marsh 
[40]

Textile chemicals Dyeing support, nylon, synthetic fibers, resins, 
synthetic detergents, pigment wetting agents

Ibeagha [5]

Pharmacological 
and medicinal use

Act as antidiarrheal agent, antihelmintic, 
antidandruff, cathartic, emollient, also used a drug 
delivery vehicle

Ibeagha [5]

Cosmetics and 
perfumery

Used in hair tonic, shampoos, emulsifiers, 
polishes, deodorants, lipstick

Ibeagha [5]

Food Used as flavorings, surfactants, viscosity reducing 
additives

Ibeagha [5]

9.5.1  Hydrolysis and Purification of Castor Oil to Form 
Ricinoleic Acid

Some chemical and biochemical methods have been performed for the isolation of 
RA from castor oil. RA and glycerol have been yielded upon hydroxylation of the 
ester linkages in the triglyceride molecules. Under chemical methods, castor oil 
hydrolysis reaction is usually performed by the gradual addition of 80% sodium 
hydroxide in castor oil for 1  h, and fatty acids are formed. The fatty acids are 
released by adding distilled water and acidified with concentrated hydrochloric 
acid. Further fatty acids are extracted in ethyl acetate and dried over magnesium 
sulfate. Clearing up of fatty acids is performed by addition of n-hexane (1:5 w/v) 
and kept at −4 °C for 3 days in darkness. This reaction produces ricinoleic acid and 
glycerol. The purity of RA is 88%, and the rest are the palmitic, stearic, oleic, vac-
cenic, linoleic, and linolenic acids.

9 Castor Oil: A Promising Source for the Production of Flavor and Fragrance…
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Another method to isolate RA from castor oil is the use of biocatalysts such as 
lipase enzymes. Some lipase-producing microbes such as Geotrichum candidum, 
Candida rugosa, and Pseudomonas cepacia have been reported to be used for 
hydrolysis of castor oil [42]. In this study, the hydrolysis of oil was performed in a 
reaction including oil (100 mg), 0.5 M phosphate buffer (pH 7) (600 μL), and about 
2–5 mg of lipase enzyme at 30 °C at 500 rpm for 1–4 h in an incubator shaker. The 
level of hydrolysis was assessed by titration method against 0.1 N NaOH solutions 
(pH  12), taking the hydrolysis mixture in diethyl ether:ethanol:water solution 
(3:3:2). In this reaction, P. cepacia lipase showed successful conversion of castor oil 
to RA up to 27% in comparison to other microbial enzymes like C. rugosa and 
G. candidum that are recorded to be 13%. Another study also exhibited that when 
immobilized C. rugosa was applied for the lipolysis of castor oil, the yield of RA 
was about 20–40% under controlled conditions such as pH, temperature, and the 
quantity of enzymes and substrate [43]. One more remarkable study was done by 
Piazza and Farrell [44] on hydrolysis of castor oil using ground oats (Avena sativa 
L.) lipase, which has shown a conversion of 90% of RA.

Another green method using microwave-assisted extraction of RA from castor 
oil has been described [45] wherein hydrolysis of castor oil was done by ethanolic 
KOH solution kept in a microwave oven with a few pieces of ice. A water condenser 
and a magnetic stirrer were connected in the microwave oven and heating for 19 min 
was given continuously for the reaction, which has yielded 89% of RA. The above- 
mentioned methods for the separation of RA from castor oil were good for RA yield 
while using different catalysts and heat sources.

9.5.2  Chemical Transformation of Castor Oil

Due to the presence of long-chain hydrocarbon, OH, and COOH groups and double 
bonds in RA, there are lots of possibilities of modifications and transformations of 
the castor oil into a number of value-added products. Some chemical reactions have 
been performed, for instance, esterification [46] and amidation [24], leading to 
transformation due to the presence of carboxylic group, while double bond allows 
the transformation of the oil through a number of reactions like carbonylation [47], 
hydrogenation [24], and epoxidation [48]. In addition, the presence of OH group 
also drives the chemical reactions of dehydration [49] to remove the hydroxyl group 
and acetylation [48] and alkoxylation [50] to enhance the unsaturation of the oil. A 
new double bond formation occurs in the chain of ricinoleic acid upon catalytic 
dehydration reaction, which results in good color maintenance, fast drying, and 
water resistance for protective coatings [49]. Further heating at 249.85 °C in the 
presence of NaOH, capryl alcohol (2-octanol) and sebacic acid (a 10-carbon dicar-
boxylic acid) are formed. Both capryl alcohol and sebacic acid have several applica-
tions [51]. A study has reported that when a co-solvent system involving ethanol 
and isopropyl ether (35:65; v/v) applied to castor oil produced a purified RA (about 
98.6% purity). The recovery of RA was recorded at about 70%, and the total yield 
of 55.5 ± 2.5% was obtained [51].
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9.5.3  Biotransformation of Castor Oil to Form Enriched 
Flavored Products

The synthesis of aroma compounds can be done by the biotechnological methods 
following two important techniques: one is to use biotransformation method, and 
another is via de novo synthesis. Complex molecules are synthesized from simple 
molecules (sugars, amino acids, nitrogen salts, minerals, etc.) using intricate meta-
bolic pathways of organisms, and this is defined as the de novo synthesis method. 
Biotransformation refers to the formation of value-added products from structurally 
similar substrates in a single reaction catalyzed enzymatically (microbial cells or 
pure enzymes) [52]. Biotransformation or bioconversion is considered a greener, 
cheaper, and commercial approach in comparison to de novo synthesis methods for 
the production of bioflavors [53]. In 1950, microbial production of blue cheese-note 
compounds was discovered the first time, and since then, numerous bio-based 
aroma compounds have been developed during the time [54].

γ-Decalactone is a peach-like aroma compound extensively used in food and 
beverages, which is the cause of the big interest in its biotechnological production 
[55]. To enhance the accessibility of ricinoleic acid to cells, castor oil can be hydro-
lyzed by lipases [56], generating esters such as methyl ricinoleate [55]. The process 
comprises the breakage of ricinoleic acid into 4-hydroxy-decanoic acid, a precursor 
of γ-decalactone, which is achieved by the process of peroxisomal 𝛽-oxidation 
enzymes [57].

9.5.3.1  Lipase-Mediated Biotransformation

A variety of microbial strains are able to convert substrates into valuable aroma 
compounds, and the examples of some microbial strains involved in the bioconver-
sion process are given in Table 9.4, which demonstrate the potential of microbes for 
the synthesis of aroma compounds. Some microorganisms such as Pseudomonas, 
Candida, Rhodotorula, and Yarrowia lipolytica have been reported for higher pro-
ductivity of aroma compounds through biotransformation [10]. Lactones are well 
recognized for their wonderful flavor and fragrance (like pineapple, peach, rasp-
berry, apricot, mango, coconut, papaya, grapes), which are produced industrially 
hundreds of tons yearly [64]. γ- and δ-lactones are the highly valuable five- and 
six-membered rings, respectively, with 12 carbons equal or less. It comprises com-
pounds like γ-decalactone/4-decanolide (peach-like) [65], 4-dodecanolide (fruity- 
coconut like) [66], 4-octanolide (sweet herbaceous coconut-like) [67], 5-decanolide/ᵹ
-decalactone (creamy-coconut peach-like) [68], 5-dodecanolide (fruit-oily peach- 
like) [69], and 6-pentyl-α-pyrone (6PP, strong coconut-like) [70]. Although lactone 
can be synthesized chemically from keto acids, production of δ-decalactone (DDL) 
and γ-decalactone (GDL) through the biotransformation method is growing cur-
rently due to their generally recognized as safe (GRAS) values reaching between 
US$ 1400 kg−1 and US$ 6000 kg−1 [71]. However, the prices reduced up to US$ 300 
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per kilogram due to the growing production of both lactone compounds over the 
years [65].

Castor oil is generally utilized as a substrate to produce γ-decalactone by yeast 
cells through β-oxidation cycles of fatty acids recurring in the cells [11, 72]. 
However, prior to entering the biotransformation process, the castor oil is hydro-
lyzed to get refined castor oil having 86% of ricinoleic acid as the major component 
[9]. In the microbial cells, RA inserts inside the microbial cells, and after recurring 
four β-oxidation cycles, RA breaks into 4-hydroxy-decanoyl-CoA, which subse-
quently cyclizes to γ-decalactone [11]. In a study, it has been observed under bio-
conversion reaction that γ-decalactone concentration was 52.9 and 62.4 mg/L from 
2.5% castor oil and 1.5% RA, respectively [73].

Currently, nonconventional oleaginous yeast, Yarrowia lipolytica, is getting 
more importance in the bioconversion of castor oil or RA into γ-decalactone. Six- 
member family of acyl-CoA oxidases (Aox) encoded by POX1 to 6 gene, which 
plays a vital role in β-oxidation of fatty acids, is present in Y. lipolytica [74]. This 
four-step procedure involves mainly two oxidation steps, one hydration, and another 
cleavage reaction, which are catalyzed by three enzymes. At each cycle, the com-
pound confers two-carbon shorter metabolite and an acetyl group [75]. One more 
study has reported about Aox family and revealed that Aox2 is long-chain specific 
(C18 to C10), whereas Aox3 is short-chain specific (C10 to C4) [74, 76, 77], both 
showing strong activity [60]. Furthermore, some other studies utilized modified 
strains of Y. lipolytica W29 (POX2 overexpressed and POX3–5 disrupted) and were 
competent to make more lactone without any degradation [60, 76].

It has been illustrated that extracellular lipases, specifically the endogenous 
lipase of Y. lipolytica (W29) and extracellular lipases (Lipozyme TL IM), were able 
to release ricinoleic acid from castor oil, and as a result, γ-decalactone produces 
rapidly [56, 78]. However, this method is not much appropriate as per industrial 
approaches since it is time- and cost-consuming. Therefore, to fill the gap of this 
problem, overexpression of the Lip2 enzyme would improve the production rate of 
γ-decalactone with no additional expenses. This was further investigated by Braga 
et al. [59] that Y. lipolytica (JMY3010) has the ability to synthesize extracellular 
lipase due to the presence of an additional copy of LIP2 gene necessary for the pro-
duction of γ-decalactone. From a biotechnological point of view, gene expression 
studies during bioconversion of RA into γ-decalactone are still very less; here, a few 
studies involving upregulation and downregulation or disruption of some genes that 
play an important role in γ-decalactone production are given in Table 9.4.

9.5.3.2  Bioconversion of Ricinoleic Acid (RA) to γ-Decalactone (GDL)

The most essential determining factor to produce γ-decalactone and 3-hydroxy-γ- 
decalactone is β-oxidation pathway in microbial cells, which was first discovered by 
Okui et al. [79]. It is four-step reaction sequences, yielding an acyl CoA, which has 
two carbons less and an acetyl-CoA. This reaction recurred many times until the 
total breakdown of the compounds. Lactonization can take place at the C10 stage 
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Table 9.4 Various genes involved in the improved production of γ-decalactone

Strain Substrate
Overexpressed 
gene

Disrupted/
underexpressed 
gene γ-decalactone Reference

Y. lipolytica 
MTLY40-2P

Castor oil Aox2p, Lip2p POX2–5 Increased the 
γ-decalactone 
production rate

Braga 
et al. [58, 
59]

Y. lipolytica Methyl 
ricinoleate

POX2 POX3 No 
re-consumption of 
γ-decalactone

Guo et al. 
[60]

Yarrowia 
lipolytica TA1

– CRF1 POX3 γ-decalactone 
production

Guo et al. 
[61]

Escherichia 
coli

Peach fruit PpAAT1 – Catalyze the 
formation of 
γ-decalactone

Peng et al. 
[62]

Mono 
disrupted 
Yarrowia 
lipolytica

Methyl 
ricinoleate

Pox3 – Formation of 
γ-decalactone

Waché 
et al. [63]

resulting in the formation of strong fruity notes [80]. Under anoxic conditions, the 
activity of 3-hydroxy-acyl-CoA dehydrogenase is minimized, because regeneration 
of its cofactor (NAD+) is not enough. When the regeneration of NAD is not enough, 
lactone accumulation takes place because a reduction in the β-oxidation flux 
decreases the requirement for NAD and thus the cofactor is not necessary any lon-
ger, a limiting compound for the pathway. This phenomenon also happens when the 
aeration of cells is changed, and this accumulation can be a signal of upscaling 
complexities in industry. 3-Hydroxy lactone is released when aeration is reduced 
with the declination in the β-oxidation pathway flux, and as a result, NAD is again 
regenerated in plenty amount and 3-hydroxy lactone does not accumulate [81, 82]. 
A variety of microbial cells have been isolated from different sources by various 
researchers for the bioconversion of lactones from different substrates (Table 9.5).

A study on bioconversion of methyl ricinoleate into γ-decalactone was carried 
out using Pichiu guilliermondii through the peroxisomal beta-oxidation pathway 
[102]. This study showed that enzymes of peroxisomes and peroxisomal β-oxidation, 
i.e., catalase and acyl-CoA oxidase activities, respectively, were stimulated by 
methyl ricinoleate. The activity of acyl-CoA oxidase increased approximately 40 
times when this yeast was transferred in glucose medium in which fatty acid methyl 
ester act as the only carbon source. The acetyl-CoA molecules are afterward moved 
from the peroxisomes to the mitochondria by the acetyl-carnitine-transferase sys-
tem. It has been reported that peroxisomal β-oxidation has a detoxification role 
because the peroxisomal reaction occurs in the absence of a mitochondrial respira-
tory chain involved in fatty acid consumption [103]. On the other hand, due to the 
accumulation of hydroxy fatty acids in the culture medium, β-oxidation process 
appears to be obstructed. Current research studies have focused on gene function 
that encodes acyl-CoA oxidase isozymes, oxygen mass transfer rates, lipid 
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Table 9.5 Biotransformation of various substrates using different strains in lactone

Strain Substrate Product
Conversion 
yield (%) References

Waltomyces lipofer 10-Hydorxystearic 
acid

γ-Dodecalactone 76.1 An et al. [83]

Waltomyces lipofer 10-Hydorxystearic 
acid

γ-decalactone 46 An and Oh 
[84]

Rhodotorula 
aurantiaca

Castor oil γ-Decalactone 33 Alchihab 
et al. [85]

Yarrowia lipolytica
HR145

Castor oil γ-Decalactone 22.7 Rabenhorst 
and Gatfield 
[86]

Saccharomyces 
cerevisiae

Grape juice γ-Butyrolactone Not reported Carrau et al. 
[87]

Yarrowia lipolytica Ricinoleic acid 
(castor oil)

γ-Decalactone Pagot et al. 
[88]

G. fragrans and 
Geotrichum sp.

Ricinoleic acid 
(castor oil)

γ-Decalactone 600 mg L−1 Neto et al. 
[89]

Ceratocystis 
moniliformis

Olive press cake δ-Decalactone 
(coconut), 
γ-decalactone

Not reported Lanza et al. 
[90]

S. salmonicolor Castor oil 
hydrolyzate

γ-Decalactone 54.6 mg/L Lee et al. 
[91]

Sporidiobolus 
ruinenii

Ricinoleic acid γ-Decalactone 0.39 mg/L/
day

Dufosse 
et al. [92]

Yarrowia lipolytica 10-Hydroxystearic 
acid

γ-Dodecalatone 24.3 Farbood 
et al. [93]

Mortierella isabellina Dodecanoic acid γ-Dodecalatone 21.4 Han and Han 
[94]

Baker’s yeast 10-Hydroxystearic 
acid (0.5) and oleic 
acid

γ-Dodecalatone 22.5 Gocho et al. 
[95]

Sporobolomyces 
odorus

Oleic acid γ-Dodecalatone <14.0 Haffner and 
Tressl [96]

L. saturnus CCMA 
0243 (pH 5), Y. 
lipolytica CCMA 
0242 (pH -6.0)

Castor oil γ-Decalactone 512.5 mg/L, 
214.8 mg/L

Pereira de 
Andrade 
et al. [97]

Saccharomyces 
cerevisiae MF013

Ricinoleic acid γ-Decalactone 19.5 Rong et al. 
[98]

Candida boidinii Safflower oil γ-Docecelactone 25 Jo et al. [99]
Yarrowia lipolytica Castor oil γ-Decalactone 0.061 Farbood and 

Willis [100]
Yarrowia lipolytica Castor oil γ-Decalactone 0.0613 Gomes et al. 

[9]
Geotrichum fragrans Castor oil γ-Decalactone 0.012 Neto et al. 

[89]
Penicillium roqueforti Soybean oil γ-Docecelactone 0.00036 Chalier and 

Crouzet 
[101]
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Fig. 9.1 The biosynthetic pathway of γ-decalactone (C10) from RA (C18) and the enzymes 
involved in the yeast β-oxidation cycles in the biotransformation process

metabolism, interactions of cell–substrate to increase the production of γ- decalac-
tone, and selection of overproducing mutants. β-Oxidation is a four-reaction cycle 
that shortens the carbon chain by two after catalyzed in peroxisomes by the follow-
ing enzymatic activities: acyl-CoA oxidase, 2-enoyl-CoA hydratase, 3-hydroxy-
acyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase (Fig.  9.1). A 10-carbon 
compound (4-hydroxydecanoic acid) is obtained from the 18-carbon chain in the 
last reaction, which is then cyclized to γ-decalactone. The products obtained from 
biotransformation reaction also fluctuate according to the precursor fatty acid: ricin-
oleic acid is degraded to an 8-carbon acid, whereas homoricinoleic acid degradation 
is guided to synthesize an intermediate of 11-carbon. The uncertainty of hydroxyl 
fatty acid oxidation relies both on the carbon chain length and hydroxy group posi-
tion [104].

Even though some attempts have been made so far, the products yields are too 
low; therefore, additional studies are required to overcome the constraints observed 
at present to make the biotechnological process more useful. The necessary step 
toward higher production of aroma compounds is mainly done by focusing on the 
optimization attempts on fermentation technologies and downstream processes.
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9.5.3.3  Optimal Conditions for Biotransformation

The biotransformation process is dependent on various parameters such as tempera-
ture, pH, time, enzyme amount (microbial cells), substrate concentration, and types 
of additives for γ-decalactone production. The first parameter is carbon source (sub-
strate such as castor oil or ricinoleic acid) that acts as an activator of enzymes in the 
pathway of γ-decalactone production. The second parameter is nitrogen sources 
comprising peptone and yeast extract that are imperative to enhance cell growth and 
biotransformation process. The last factor is pH, which should be optimized to 
maintain the highest cell growth and γ-decalactone production.

9.5.3.3.1 Effect of Carbon Source

Synthesis of lipase, which is responsible for the bioconversion of castor oil into 
lactones, can be induced by the carbon sources in the culture medium. Some exam-
ples of carbon sources are carbohydrates, glycerol, organic acids, oils or fats, and 
other alcohols [105]. Some oils such as soybean oil, olive oil, oleic acid, and tribu-
tyrin have been observed to be effective in inducing lipase activity [106, 107]. For 
instance, the use of oleic acid exhibited increased production of lipase and biomass 
content in comparison to other fatty acids of different carbonic chains [108]. Another 
study showed that vegetable oil possessing linoleic and oleic acids was found super-
lative in lipase production from Candida species [109]. Olive oil used as a carbon 
source was also found to induce lipase activity by Y. lipolytica [110].

9.5.3.3.2 Effect of Nitrogen Source

Like carbon source, nitrogen source is also a chief factor influencing the synthesis 
of lipase enzymes. Both the inorganic and organic nitrogen have an essential role in 
the synthesis of the enzyme [109, 111]. Yeast extract, malt extract, peptone, amino 
acids, urea, nitrate and ammonium salts, agroindustrial waste, such as water soy 
flour and corn, are nitrogenous compounds generally used for lipase production 
[111, 112]. The selection of nitrogen compounds mostly depends on the microor-
ganism used and the addition of other ingredients in the culture medium [112]. 
Nitrogen sources are the necessary component for cellular physiology because they 
provide vitamins and amino acids as enzyme cofactors [113]. For instance, cell 
growth and lipase synthesis were found to be increased by the addition of yeast 
extract and tryptone. In a study, various nitrogen sources have been examined on the 
growth of Y. lipolytica for lipase synthesis, and it was observed that mineral nitro-
gen did not show any significant effect on the growth of yeast possessing lipase 
activity [114]. Tryptone N1 (a casein hydrolysate) showed maximum production of 
lipase compared with other nitrogen-containing organic or mineral substrates [105].
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9.5.3.3.3 Effects of Temperature

The temperature influences the growth parameters of microbes, such as the specific 
growth rate and the adaptation time (lag phase), and affects the biosynthesis of pri-
mary and secondary metabolites [115]. It has been observed in a study that lipase 
production by Y. lipolytica (681) was most influenced by the temperature [116]. The 
optimum temperature for significant lipase activity was 29.5 °C.

9.5.3.3.4 Effect of pH

Microbial growth can be affected by the hydrogen ion concentration in a culture 
medium indirectly, affecting nutrient accessibility or directly acting on cellular sur-
faces [115]. It is reported that under low pH, the synthesis of lipase by liquid sub-
strate fermentation, with diverse microorganisms, is highest at the end of cultivation 
[117, 118]. Mooradi et al. [73] have optimized that under acidic pH, nitrogen source, 
and increased amount of yeast extract and castor oil, the production of γ-decalactone 
will be enhanced. Other researchers have also observed that acidic pH is more suit-
able for bioconversion of RA into 4-hydroxydecanoic acid and then γ-decalactone 
[57, 85, 91, 119].

9.5.3.4  Significance of Bioreactors

Bioreactors are devices for biotransformation or any fermentation process in which 
biological or biochemical reactions are performed under closely monitored and con-
trolled conditions. A number of different types of bioreactors have been used for 
fermentation methods. Among these, two are commonly categorized as solid-state 
or stirred-tank bioreactors with two different fermentation methods, such as SSF 
and SmF, respectively. For research and development, both SmF and SSF have been 
employed for the production of bioflavor compounds. Approaches for the develop-
ment of new types of reactors are going on continuously for special purposes [120]. 
In SmF type of bioreactor, mostly the reactions of microorganisms and substrate are 
performed in a liquid medium and the products produced by microbial enzymes 
reaction are recovered from the liquid medium and purified. Gas/air mixture 
required for fermentation reaction is delivered to a culture medium in sterilized 
environments. During the bioconversion process in bioreactors, optimized condi-
tions for pH, temperature, aeration, and foam sensors are needed. Mechanical agita-
tion is required for mixing and bubble dispersion. In addition, nutritional factors 
such as carbon and nitrogen sources are also important for the growth and synthesis 
of flavor compounds in lab as well as industrial scale [81, 121]. Several researchers 
have studied the microbial conversion of bioflavor compounds by SmF-type biore-
actors [122–126].
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De novo synthesis or transformation methods are generally performed in solid- 
state fermentation (SSF) system for the aroma compound production using various 
yeasts and fungi such as Kluyveromyces marxianus, Ceratocystis fimbriata, 
Moniliella suaveolens, Trichoderma harzianum, Pityrosporum ovale, Ceratocytis 
oniliformis, Aspergillus niger, and Rhizopus oryzae [127–131]. Furthermore, com-
patible combinations of yeasts and fungi, which cannot be cultured in submerged 
fermentation (SmF), can yield many aroma-active compounds in SSF [132]. In SSF, 
the fermentation process takes place in the absence of water on solid support gener-
ating important metabolites in the presence of microbes. SmF is a technique in 
which microorganisms can grow in liquid broth consuming the nutrients to release 
the desired metabolites into solution during fermentation. Although SSF has been 
used since ancient times and has many biotechnological advantages, there have 
been some limitations involved during scaling up in this technology, usually due to 
the heterogeneous nature of the mass, substrate, and troubles in heat transfer [127, 
132, 133]. Besides the development of digital imaging technologies for assessing 
the growth kinetics in filamentous fungi in SSF, further improvement in mathemati-
cal modeling tools has been achieved to describe the scale-up studies [134].

Braga et al. [58, 59] have used stirred tanks and airlift bioreactors for the produc-
tion of γ-decalactone using castor oil in batch cultures of Y. lipolytica (W29). Airlift 
bioreactors are generally considered for the developing processes on the basis of 
aerobic cultures because of the requirement for high oxygen transfer rates. Air was 
introduced at the bottom of the bioreactor using a five-hole sparger. γ-Decalactone 
concentration (around 3 g/L) was twofold increased in the airlift compared to the 
STR (stirred tank reactor). In a study, it has been reported that when castor oil (sub-
strate) was reacted with microbial enzymes, the production of GDL (11 g/L) was 
recorded in 55 h [65].

For immobilized enzymatic reactions for the production of bioflavor in industry, 
packed-bed bioreactors, especially operated in continuous mode, and fluidized bed 
reactors are the most often utilized [127, 135]. In addition, studies have led to 
designing new reactors such as immersion bioreactors, rotating drum bioreactors, 
and mixed solid-state bioreactors, which would succeed over the troubles for large- 
scale productions [10, 131].

Fed-batch strategy is an interesting strategy to avoid degradation of γ-decalactone 
and cut down the inhibitory impacts of ricinoleic acid on the cells [136]. Using 
intermittent feed in fed-batch, aroma concentration of 6.7 g L−1 was obtained as 
compared to 1.9 g L−1 in batch fermentation and the formation of the side product 
3-hydroxy-γ-decalactone augmented concurrently to 10  g  L−1 in the bioreactor. 
However, in this system, the maintenance of an emulsion causes several restraints to 
ensure the supply of fresh medium and remove an emulsion with the same charac-
teristics. Thus, the substrate addition by step-wise fed-batch (pulses) is a method of 
avoiding this problem. In a step-wise fed-batch method, the productivity of 
γ-decalactone of 0.043  g  L−1  h−1 has been reported when methyl ricinoleate 
(30 g L−1) was fed twofold to the bioreactor using Y. lipolytica W29 [136]. Braga 
et al. [59] also attempted a step-wise fed-batch method with MTLY40-2P strain, in 
which castor oil (60 g L−1) was supplemented in two pulses, leading to a twofold 
increase in γ-decalactone synthesis (about 7 g L−1) as compared to batch mode.
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9.6  Castor Oil: Advantages and Disadvantages

9.6.1  Advantages

Castor is regarded as the most important industrial and medicinal plant since thou-
sands of compounds can be extracted from it. These compounds have been reported 
to have antimicrobial activity against diverse pathogenic bacteria [137, 138]. Castor 
oil is extensively utilized in the industry with diverse applications [23]. The usage 
of castor oil is safe from broad historical usage to industrial application. Some 
ground-breaking technologies have been developed for the production of value- 
added castor oil chemicals and their derivatives. Food-grade castor oil is utilized in 
the formation of food additives, flavorings, and mold inhibitors and in packaging 
[139]. The products obtained by castor oil are not dangerous to the environment. It 
is biodegradable, nontoxic, and agriculture oriented. The export of castor oil can 
boost the economy of the country and also encourage the development of the agri-
cultural sector.

Castor cake can be used as organic manure, which prevents soil from exhausting. 
Castor cake has a high content of N (6.4%), potash (1%), and phosphoric acid 
(2.55%) and has moisture retention capacity. It also contains crude protein (20%), 
ash (15%), and sugar (50%) [140]. Castor cake is used to control nematodes in soils 
[141]. Ricin can remain in the soil for about 2 years after castor harvesting [142]. 
However, the effect of the residual toxin on flora and fauna in the soil is yet to be 
determined.

9.6.2  Disadvantages

Castor contains toxic ricin in seeds. However, these toxic compounds can be uti-
lized to formulate drugs to treat many diseases globally [143]. Soil micro flora is 
one of the most imperative factors that augment soil fertility in various ways. 
Antimicrobial activity of castor was also observed against soil microbial commu-
nity, which in turn disturbs soil health and fertility during its cultivation in soil.

It has been observed that microbial diversity declined in soils when castor was 
cultivated as compared to other plants [144]. There may be possibilities of the 
occurrence of some residual inhibitors in the soil sensitive to certain fungal and 
bacterial species affecting the growth of plants and soil health [145]. However, cer-
tain microorganisms have the ability to degrade and survive at high concentrations 
of inhibitors. It has been observed in a study that Pseudomonas and Erwinia sp. can 
efficiently degrade the protein in an in vitro assay. Consequently, these bacteria can 
be utilized as biofertilizers for castor cultivation without damaging microbial diver-
sity in soil enhancing plant growth and soil health [144].
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9.6.3  Safety Assessment or Toxicity Study of Castor

The seeds of castor contain two types of proteins, R. communis agglutinin (RCA120) 
and ricin (RCA 60), which are toxic to eukaryotic cells [146]. Ricin is a strong 
cytotoxin with weak haemagglutinin properties, while RCA120 is less toxic and has 
powerful haemagglutinin, which functions as an allergen causing a health hazard 
during harvesting and processing [147]. Ricin remains in the meal after its oil 
extraction. There are various methods for the detoxification of castor toxins [148, 
149]. Ricin can be detoxified with the help of proteolytic enzymes, sodium ricinole-
ate, H2O2, KMnO4, autolyzed yeast or Azotobacter, halogens, ethanol, high tem-
perature, and UV irradiation. In addition, other methods like steam treatment, NaCl, 
Ca (OH)2, formaldehyde, NH4OH, (NH4)2SO4, KMnO4, or urea can also be employed 
for detoxification of ricin [150]. US Department of Health and Human Services 
(NIH) has established safety measures for the usage of castor oil. In 1990, no harm-
ful side effects of castor oil have been noticed in the feed studies on rats or mice. In 
90 days, studies on dietary concentrations showed no effect on survival or body 
weight gains.

9.7  Concluding Remarks

Various types of aroma compounds are isolated from natural and synthetic sources 
to meet the market demand. The aroma industry has a great interest in natural prod-
ucts, especially fragrance and flavor compounds; therefore, an alternative method 
has been generated in the metabolic engineering field to obtain natural aroma com-
pounds. Microbial biosynthesis and biotransformations are considered safe and 
most suitable technologies for the production of bioflavors and fragrances. This 
method has a number of advantages over traditional methods because microbes can 
be genetically and metabolically altered to improve the production of desired impor-
tant compounds.

Castor oil is a significant and potential nonedible crop, producing numerous 
industrially important chemicals and products. Due to its lots of functional value in 
agriculture, industry, pharmaceutical, and cosmetics sectors, castor oil is proved to 
be a potential bio-based preliminary material increasing the economy of a country. 
Castor oil has unique properties of the presence of a double bond, carboxylate 
group, and hydroxyl group in the ricinoleic acid, which is useful in its easy 
derivatization into vital industrial raw materials. Due to the manufacture of large- 
scale end products from castor oil and being a green bioresource for chemical trans-
formations, castor seed has global demand for enhanced production rate.

Castor oil conversion in aroma compound γ-decalactone by the biotransforma-
tion method using efficient microorganisms is a striking method, but the production 
time is high and quantity is very low. Various approaches have been adopted to 
overcome these problems by applying suitable microbial enzymes for the synthesis 
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of aroma compounds. Fed-batch fermentation method can be applied, choosing 
suitable microorganisms for higher yields of lactone. This method is also useful to 
overcome the inhibitory effect of the substrate in lactone production. Solid-state 
fermentation is the most appropriate method in producing microbial metabolites in 
large quantities, which also provides high-quality yields with improved product 
characteristics accompanied by low economic costs. A much higher research thrust 
on productivity improvement is needed for mitigating the demand–supply gap of 
castor seeds. Besides breeding, efforts should be focused on three other prime 
objectives: (1) improvement of castor oil quantity and quality, (2) development of 
ricin-free castor, and (3) production of value-added aroma products from cas-
tor crop.

Next to these strategies, the application of bioprocess engineering has countless 
benefits to attain higher yields and product concentrations by a comprehensive 
understanding of the regulation of different pathways involved in aroma production. 
However, so far, the products yields are very poor to make the biotechnological 
method feasible, and more research studies are needed to overcome these limita-
tions. Furthermore, selection of mutant or new potential strains, fermentation meth-
ods, downstream processes, and up-scaling from lab to industrial levels need severe 
studies to maximize the yield as well as lessen the limitations. The continuous 
development of genetic engineering and systems biology tools, in association with 
advanced strategies, will allow more bioflavors to be produced in this manner in 
the future.
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