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Abstract: This review provides an overview of the biotransformation of limonene and α-pinene, which are 
commonly found in wood residues and citrus fruit by-products, to produce high-value-added products. 
Essential oils derived from various plant parts contain monoterpene hydrocarbons, such as limonene and 
pinenes which are often considered waste due to their low sensory activity, poor water solubility, and tendency 
to autoxidize and polymerise. However, these terpene hydrocarbons serve as ideal starting materials for 
microbial transformations. Moreover, agro-industrial byproducts can be employed as nutrient and substrate 
sources, reducing fermentation costs, and enhancing industrial viability. Terpenes, being secondary 
metabolites of plants, are abundant in byproducts generated during fruit and plant processing. Microbial cells 
offer advantages over enzymes due to their higher stability, rapid growth rates, and genetic engineering 
potential. Fermentation parameters can be easily manipulated to enhance strain performance in large-scale 
processes. The economic advantages of biotransformation are highlighted by comparing the prices of 
substrates and products. For instance, R-limonene, priced at US$34/L, can be transformed into carveol, valued 
at around US$530/L. This review emphasises the potential of biotransformation to produce high-value 
products from limonene and α-pinene molecules, particularly present in wood residues and citrus fruit by-
products. The utilisation of microbial transformations, along with agro-industrial byproducts, presents a 
promising approach to extract value from waste materials and enhance the sustainability of the antimicrobial, 
the fragrance and flavour industry. 

Keywords: limonene; alpha-pinene; biotransformation; terpene; flavouring agent; solid-state 
fermentation 

 

1. Introduction 

Essential oils can be derived from various plant parts, including flowers, fruits, leaves, buds, 
seeds, twigs, bark, herbs, wood, and roots. These oils are predominantly composed of monoterpene 
hydrocarbons [1]. These terpene hydrocarbons, such as limonene, pinenes, and terpenes, serve as 
ideal starting materials for microbial transformations. Microorganisms and enzymes can act as 
catalysts in two different processes: de novo synthesis and biotransformation of natural precursors. 
De novo synthesis involves utilising the entire metabolic pathway of microorganisms to produce a 
combination of flavour compounds, whereas biotransformation focuses on specific reactions that lead 
to the production of a major compound. In de novo synthesis, microorganisms metabolise 
carbohydrates, fats, and proteins, converting the breakdown products into flavour components [2]. 
However, this process yields only trace amounts of flavours and is not economically viable for 
industrial production due to low concentrations of the desired compounds [3]. In biotransformation, 
a precursor is introduced into the process, inducing the microorganism to follow a specific pathway 
and produce the final product through one or two chemical reactions [4]. Additionally, agro-
industrial byproducts can be utilised as nutrient and substrate sources in fermentation processes, 
reducing fermentation costs and enabling industrial viability [5]. Terpenes are noteworthy substrates 
for biotransformation, as they are secondary metabolites of plants and can be found in byproducts 
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generated during fruit and plant processing. Monoterpenes (such as limonene, α-pinene, and β-
pinene) and sesquiterpenes (such as valencene and farnesene) are common volatile compounds 
found in various essential oils. Structurally, they are closely related to aroma compounds of 
significant interest in the industry, requiring only a few chemical reactions to obtain high-value 
products [6] (Table 1). From an economic perspective, the advantages of biotransformation become 
evident when comparing the prices of substrates and products. For example, R-limonene has a 
reference price of US$34/L, while its oxygenated form, carveol, is priced around US$530/L [6]. 
Selecting the appropriate biocatalyst is another crucial step in natural aroma production. Microbial 
cells offer advantages over enzymes, as they possess higher stability and do not require additional 
cofactors for the reaction to occur. Microorganisms also exhibit rapid growth rates, and fermentation 
parameters can be easily manipulated, allowing for genetic engineering to enhance strain 
performance in large-scale processes [7]. The objective of this review is to provide approaches and 
strategies to improve the biotransformation of two of the most promising biomolecules found in 
agroforestry residual biomass. The review will discuss general knowledge of terpenes, recent 
advances of biotransformation of limonene and alpha-pinene, strategies to improve the 
biotransformation of these two molecules using solid-state fermentation and finally various 
extraction technology to recover the produce molecules. 

Table 1. Chemical composition of balsam fir, black spruce, jack pine and citrus essential oils. 

Essence Parameters  Monoterpenes Oxygenated 
monoterpenes 

 Sesquiterpenes Esters 

Balsam fir 

Concentration 84.9% 
1.3% 0.6% 9.1% 

major compound 
α-Pinene 
β-pinene 

α-Tepeniol β-caraphyllene Bornyl acetate 
Limonene 

Black spruce 

Concentration 63.5% 
2.6% 

β-caraphyllene Bornyl acetate 
major compound 

α-Pinene 
β-pinene α-tepeniol ϒ-3-carene 1,8-cineole 

Jack pine 
Concentration 85.9% 2.7% 0.2% 8.2% 

major compound 
α -pinene α-tepeniol α-tepeniol 

Bornyl acetate 
camphene 1,8-cineole 1,8-cineole 

Citrus terpenes major compounds 

Limonene 95% 

   
α -pinene 2.5% 
camphene 2% 
β-myrcene 0.5% 

2. A brief description of Terpenes  

Conifers are the most abundant source of terpene compounds in nature [8]. In conifers, volatile 
compounds are contained in the oleoresin. This is a mixture of volatile monoterpenoids and 
sesquiterpenoids (turpentine), and non-volatile diterpenoids which represent the resin acids [9]. 
Monoterpenoids are low molecular weight compounds (136 Da for hydrocarbons and up to 200 Da 
for oxygenated derivatives) (Figure 1). Highly volatile, they are also odorants, naturally emitted by 
plants to attract pollinators or repel predators. They can be captured by processes such as 
hydrodistillation, to form extracts known as essential oils. Terpenes are often removed from essential 
oils as undesirable components, whereas synthetic oxy-functionalised derivatives find broad 
applications in flavours and fragrances industries. In addition to their perfuming power, these 
molecules respectively possess medicinal properties, which in synergy make essential oils renowned 
in aromatherapy. Volatile terpenoids also appear to be involved in protecting plants against heat and 
oxidative stress [9]. Their role as a communication molecule is thought to attract pollinating insects, 
thus aiding reproduction, but they also act as "signal" molecules to preserve surrounding trees in the 
event of an attack [10].  Despite the diversity of terpene compounds, they share a common 
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biosynthetic pathway. This pathway comprises four stages [11]. Briefly, the first involves the 
formation of isopentenyl pyrophosphate (IPP), the C5 unit of biological isoprene. The main route for 
the synthesis of IPP and its allylic isomer, dimethylallyl pyrophosphates (DMAPP), is via the 
mevalonate pathway. A second synthesis pathway is also present, the methylerythritol phosphate 
(MEP/DOXP) pathway. In the second step, C5 units condense to generate three larger 
prenylpyrophosphates (GPP, FPP and GGPP). Subsequently, in the third step, these three 
pyrophosphates undergo a wide range of cyclisation and rearrangement to produce the parent 
carbon skeletons for each terpene class. The final stage encompasses various oxidation, reduction, 
conjugation and other transformations that convert the carbon skeletons into thousands of distinct 
terpene metabolites. Although several in vitro studies have shown that many monoterpenes and 
diterpenes have significant bactericidal effects, it is not always easy to achieve the same efficacy in 
vivo due to the multiple presence of molecules present in extracted oils. As a result, microbial 
biotransformation is a pertinent strategy to overcome difficulties and problems arising from the 
chemical synthesis, to have access to regiospecifc and stereospecifc compounds and explain the 
inactivity of essential oils or chemicals against some microorganisms. 

 

Figure 1. Some examples of monoterpenoides. 

3. Recent advances in Biotransformation of terpenes: study case of limonene and alpha pinene  

Currently, the primary production of aroma compounds relies on chemical methods due to the 
challenges associated with direct extraction from natural sources. Natural extraction often results in 
complex mixtures with low concentrations and limited availability based on geography and 
seasonality [12]. Essential oils typically yield quantities ranging from 0.005% to 10%, with many 
falling below 1% [13]. The composition of essential oils varies, and they can contain over 100 different 
components, with major compounds often comprising more than 85% of the oil. The increasing focus 
on health, nutrition, and the desire to avoid synthetic chemicals in food has spurred the development 
of biotechnological processes to produce flavour compounds that can be classified as "natural" [14]. 
Some companies are actively working on biotechnological methods for aroma production. For 
instance, the Amyris Company utilises a genetically modified strain of Saccharomyces cerevisiae to 
produce β-farnesene from sugarcane. This sesquiterpene can also serve as a precursor to produce 
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other aroma compounds in the fragrance industry [15]. Evolva and Isobionics companies have 
reported the biotechnological production of valencene, which can be further oxidised to nootkatone. 
These companies’ market nootkatone as a flavouring agent and a potential natural insect repellent 
[16]. Isobionics employs a strain for their terpene biosynthesis pathway. In this context, limonene and 
pinenes are commonly used monoterpenes for aroma production, as they are abundantly present in 
various essential oils and industrial by-products, such as those derived from the citrus industry [17]. 

4. Limonene Biotransformation  

Limonene is the most abundant naturally occurring monoterpene found in orange peel oil, 
comprising up to 90% of its composition [18]. Due to its abundance and low cost, limonene has been 
extensively studied as a precursor to produce high-value derivatives, offering a potential strategy for 
enhancing the commercial value of agro-industrial residues like orange peel oil [19] (Figure 2). The 
applications of limonene as a flavour and fragrance additive in food products, cosmetics, household 
cleaning products, and textiles are well known [20]. Additionally, limonene finds utility as a solvent, 
a feedstock for fine chemicals, a precursor for polymeric biomaterials, and as an active ingredient in 
medicine [21]. Currently, most of the limonene is obtained from citrus rinds, a significant byproduct 
generated during fruit processing in citrus juice industries [22]. However, many citrus juice 
industries, particularly those in developing countries, lack the necessary infrastructure and 
technology for on-site recycling of large quantities of citrus waste [23]. Consequently, a substantial 
number of citrus rinds are disposed of in landfills rather than being utilised for limonene extraction. 
Limonene is extensively studied as a precursor in the biotechnological production of 
monoterpenoids, as it can be transformed into various value-added compounds such as carvone, 
carveol, perillyl alcohol, terpineols, menthol, and pinenes (Table 2). It serves as a cyclic monoterpene 
with multiple industrial applications as a bio-solvent, in surfactant formulations, as an antibacterial 
agent, and as a pesticide in nutrition, as well as a precursor for fine chemicals in the food, perfume, 
medicine, agrochemical, and oral hygiene industries [24]. Given the structural similarity between 
limonene and other oxygenated monoterpenoids with pleasant fragrances, such as perillyl alcohol, 
carveol, carvone, menthol, and α-terpineol, it can be used as a precursor for the synthesis of these 
flavour compounds [21]. Several studies have reported the biotransformation of limonene into α-
terpineol, using microorganisms such as Cladosporium sp., Pseudomonas gladioli, and an α-
terpineol dehydratase isolated from the same strain [25]. Orange peel oil analysis has revealed that 
D-limonene is the major component, accounting for 96.1% of the total content [26]. Optimisation of 
the bioconversion process using synthetic media supplemented with orange peel oil demonstrated 
increased yields of α-terpineol, reaching 79% at 3 hours of fermentation and 95.5% after 7 hours with 
the second substrate addition. However, it should be noted that the use of expensive synthetic media 
and the concentration of orange peel oil were limitations of this study [26]. Molina et al. [6] 
investigated the bioconversion of limonene using two isolated strains, resulting in the production of 
high-value derivatives carvone and α-terpineol. The aspergillus LB-2038 strain achieved a higher 
concentration of carvone (47 mg/L), while the Penicillium LB-2025 strain stood out in α-terpineol 
production (10 mg/L). However, when 1% limonene supplementation was attempted, it affected 
initial biomass development and the microorganisms were unable to metabolise the substrates, 
indicating the toxicity of a high concentration of limonene to microbial cells. To mitigate the toxicity, 
a two-phase system with an organic phase containing limonene and an aqueous phase for the catalyst 
was implemented in this study. It is worth noting that comparing different strains for 
biotransformation results could have provided valuable insights [27]. Roy and Jayati [28] infected 
mandarin orange peels with Aspergillus oryzae and Penicillium species, resulting in GC-MS analysis 
showing a ratio of 10% beta pinene and 70% limonene for the infected orange peels, and 30% beta 
pinene, 27% beta-myrcene, and 32% limonene for the Penicillium-infected peel oil. The extraction of 
pure limonene oil with petroleum ether was performed in this study, but conducting a solid-state 
fermentation with different particle sizes of orange peels could have been an alternative approach to 
avoid early solvent addition and limonene toxicity. Furthermore, the optimisation of inoculum size 
and the use of multiple strains could have been beneficial for the optimisation of limonene 
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biotransformation. Another study conducted by Bicas et al. [5] demonstrated that Pseudomonas 
Rhodesia and Pseudomonas fluorescens can metabolise limonene, with the latter exhibiting 
versatility and the ability to synthesise α-terpineol at high concentrations (11 g/L) [5]. The conversion 
of   refining limonene to α-terpineol using fungal biocatalysts has been reported, with Penicillium 
and Fusarium oxysporum achieving yields of 3.45 g/L and 2.4 g/L, respectively. The conversion of 
limonene obtained from citrus extraction to carvone and carveol by Pseudomonas aeruginosa and 
Rhodococcus opacus resulted in yields of 0.63 g/L and 2.4 g/L, respectively [29]. From an economic 
perspective, limonene has a weighted average price of US$ 34/L, while its oxygenated derivatives 
such as carveol, perillyl alcohol, and carvone have reference prices of US$ 529/L, US$ 405/L, and US$ 
350/L, respectively. These monoterpenoids are widely used aroma compounds found in natural 
sources at low concentrations, making biotechnological approaches crucial for large-scale 
production. Therefore, the utilisation of limonene as a substrate to produce value-added derivatives 
through biotransformation is economically promising. 

 
Figure 2. Biosynthetic pathways in plants starting from limonene. 

Table 2. Monoterpenes used as substrates in bioprocesses for the production of natural flavour 
compounds. 

MONOCYCLIC 
TERPENE 
SUBSTRATE 

BIOTRANSFOR
MATION 
PRODUCT 

EXAMPLE OF 
BIOCATALYS
T 

CHEMICAL NAME  ODOUR 
APPLICATI
ON  

REFEREN
CE 

LIMONENE 
α -Terpineol 
 
 

Pseudomonas 
fluorescens 

p-Menth-1-en-8-ol lilac 

Antioxidant 
activity, 
Anti-
inflammator
y activity, 
Antimicrobia
l activity: 

Bicas et al 
2011;  
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Activity 
against 
A.niger, 
Staphylococc
us 
epidermidis, 
Cytostatic 
and 
cytocidal 
effects 
towards 
Goetrichum 
citri-aurantii 

Carveol 

Rhodococcus 
opacus; 
Rhodococcus 
erythropolis 
PWD8; 
Pleurotus 
sapidus; 
Aspergillus 
cellulosae M-77 
 

p-Mentha-6,8-dien-2-ol spearmint  
Flavouring 
agent; food 
additive 

Due� et al. 
2001 
 

Carvone 

Rhodococcus 
opacus; 
Rhodococcus 
eythropolis 
PWD8; 
Penicilium 
digitarium; 
Pleurotus 
sapidus 
 

p-mentha-1(6),8-dien-2-one Mint aroma 

Flavouring 
agent: 
flavour 
chewing 
gum and 
mint 
candies,  
provide 
aromas in 
personal-
care 
products, air 
fresheners, 
and 
aromatherap
y oils 

Due� et al. 
2001 

Perillic acid or 
perillyl alcohol 

Pseudomonas 
putida DSM 
12264; 
Aspergillus 
cellulosae M-
77; 
Mycobacterium 
sp. HXN-1500; 
 

(4R)-4-prop-1-en-2-
ylcyclohexene-1-carboxylic 
acid 
 

 

Exhibit 
antimicrobia
l properties; 
Ingredients 
in cleaning 
products 
;Mosquito 
repellent 
when 
applied to 
the skin 

Due� et al. 
2001 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 August 2023                   doi:10.20944/preprints202308.1555.v1

https://doi.org/10.20944/preprints202308.1555.v1


 7 

 

BICYCLIC 
MONOTERPE
NE 

      

Α-PINENE 

Verbenol 
Aspergillus 
niger 

4,6,6-Trimethyl-
bicyclo(3.1.1)hept-3-en-2-
one 

Balsamic 
aroma 

used in 
fragrance 
formulation 
of soft 
drinks, 
soups 
used as 
important 
intermediate
s in 
cosmetics 
and 
pharmaceuti
cal 
industries 
used as 
flavour in 
food, such as 
in meats, 
sausages and 
ice cream 
used as 
material to 
synthesise 
chemicals, 
such as citral 
 

Toniazzo et 
al. 2005 

Verbenone  
4,6,6-
Trimethylbicyclo[3.1.1]hept
an-3-one 

minty spicy 
aroma 

Used for 
insect 
control 
particularly 
against 
beetles as 
Dendroctonus 
frontalis; 
Used also in 
perfumery, 
aromatherap
y, herbal teas 
and herbal 
remedies. 
The L-
isomer is 
used as 
a cough 
suppressant 
under the 
name of 
levoverbeno
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ne. 
Verbenone 
may also 
have had 
antimicrobia
l properties. 

5. Biotransformation of α-Pinene  

One of the prominent antimicrobial monoterpenes found in various essential oils is α-pinene. 
This natural compound holds significant importance as it is widely utilised in the food and fragrance 
industries, pharmaceuticals, fine chemicals, and as a renewable fuel source [30]. Currently, industrial 
production of α-pinene primarily relies on tree tapping (gum turpentine) or as a byproduct of paper 
pulping (crude sulfate turpentine, CST). However, extracting α-pinene from trees is laborious, 
inefficient, and depletes natural resources due to its low content [31]. Hence, exploring sustainable 
technologies for the biotransformation of α-pinene would be a promising avenue (Figure 3). In a 
study conducted by [32], a cold-adapted fungus, Chrysosporium pannorum, was identified as a 
biocatalyst for the oxidation of refining α-pinene. Gas chromatography-mass spectrometry (GC-MS) 
analysis of the fermentation process revealed the production of two commercially valuable 
molecules, verbenol and verbenone, through the biotransformation of α-pinene. The oxidative 
activity of C. pannorum was observed over a wide temperature range (5–25 °C), with the optimum 
temperature being 10 °C to produce these bioactive compounds. By sequentially adding the substrate 
over a period of three days, the yield of verbenol and verbenone significantly increased to 722 mg/L 
and 176 mg/L, respectively, resulting in a twofold enhancement compared to a single supply of α-
pinene. The total concentration of conversion products in the culture medium reached 1.33 g/L. 
Another study by [33] focused on the biotransformation of α-pinene to (+)-α-terpineol using Candida 
tropicalis MTCC 230. Under continuous agitation at 30 °C for 96 hours, a concentration of 0.5 g/L of 
(+)-α-terpineol was obtained. The strain demonstrated efficient bioconversion capabilities, achieving 
a conversion rate of 77% and a production of 0.43 g/L under the specified conditions. Rottava et al. 
[34] reported the metabolism of α-pinene by the yeast Hormonema sp. UOFS Y-0067, isolated from 
pine tree samples. After 72 hours, this yeast produced transverbenol (0.4 g/L) and verbenone (0.3 g/L) 
through α-pinene biotransformation. It is worth noting that all these experiments were conducted 
using pure or refine α-pinene. To the best of our knowledge, no research has been conducted on the 
biotransformation of α-pinene using residual wood, such as tree bark. Further investigations should 
include GC-MS analysis of different tree species or parts to identify sources with high α-pinene 
content. Based on the market value of the molecules obtained by the transformation of α-pinene, it 
would be important to study the technological feasibility of the biotransformation of α-pinene 
contained in wood residues rich in pinene. The key parameters for a good microbial fermentation in 
a semi-solid medium are widely studied in the literature. The particle size and specific surface area 
are key parameters to ensure a good contact surface between the microorganisms and the molecules 
to be biotransformed. Also, the particle size is an important factor in oxygen transfer during solid or 
semi-solid fermentation. Other important factors are the moisture content, the inoculum size and the 
fermentation temperature. Regarding terpenes, the volatilisation of molecules and the presence of 
lignin can be factors slowing down the yield of molecules obtained. The following parts will discuss 
in detail the current practices to address these challenges. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 August 2023                   doi:10.20944/preprints202308.1555.v1

https://doi.org/10.20944/preprints202308.1555.v1


 9 

 

 

Figure 3. Degradation pathways of alpha pinene by Pseudomonas. 

6. Avenues and approaches for improving the biotransformation of limonene and alpha pinene 

6.1. Application of solid-state fermentation for biotransformation from filamentous fungi 

Solid-state fermentation corresponds to the growth of aerobic or anaerobic microorganisms on 
moist solid particles in the absence or near absence of free water ([35]. These microorganisms grow 
on a solid matrix to which a liquid phase is bound, and a gaseous phase is trapped within or between 
these particles. Most solid-state fermentation processes involve filamentous fungi. However, there 
are a few processes that incorporate bacteria and yeast. Solid-state fermentation can involve a pure 
culture of organisms or the cultivation of several strains inoculated simultaneously or successively 
[36]. Current work on solid-state fermentation focuses on the application of these processes in the 
development of bioprocesses, i.e. bioremediation or the production of high value-added products. 
The latter are composed of biologically active secondary metabolites including antibiotics, aromatic 
compounds (limonene and pinene derivatives), alkaloids, biofertilizers, enzymes, and so on. In the 
case of the biotransformation of limonene or alpha pinene, it would be very interesting to carry out 
fermentation in a solid medium, as this brings the molecules present in the substrate into contact with 
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the biotransforming strains. Also, the possibility of carrying out mixed cultures would enable them 
to produce different products and increase the yield of the process. Last but not least, this strategy 
avoids the need to use synthetic media to initiate the fermentation of the microorganisms and reduces 
or eliminates the use of solvents at the start of the process to extract the oil or juice containing the 
molecules to be biotransformed. Solid-state fermentation-based processes offer potential advantages 
in the biotransformation of bioactive molecules contained in forest and agricultural residues. 

6.2. Selection of Microorganisms  

Synthetic limonene or pinenes are often used instead of residues for biotransformation [37]. It 
would be of interest to use known strains to carry out solid or semi-solid fermentations of residual 
media containing limonene (citrus like orange, lemon) or pinene (white birch bark). This practice, 
rather than the use of oils, would minimise the toxicity of pinene or limonene at the start of 
fermentation. In addition, the use of solvents for juice extraction will be eliminated at the start of the 
process. Another possible step would be to isolate microbial strains from the residual wood and 
orange media. Indeed, the natural presence of strains in these residues testifies to their ability to 
withstand toxic doses of the molecules in question, as well as their capacity to metabolise them. 
Among strategies, bioprospecting is used by some authors in an attempt to identify new strains of 
microorganisms for the production of bioaromas [38]. Particularly, soil samples have been frequently 
used for the prospecting of microorganisms that are potential bio-transformers of terpene 
compounds. To illustrate this approach, some examples of microorganisms isolated from soil may be 
cited: Bacillus fusiformis, which was able to convert isoeugenol to vanillin (production of 8.10 g L1 
after 72 h) [39]; Bacillus pumilus, which was also able to convert isoeugenol to vanillin (production 
of 3.75 g L1 after 150 h) [40]; Pseudomonas putida, which was able to convert isoeugenol to vanillic 
acid (98% of molar conversion after 40 min); Bacillus subtillis, which was able to convert isoeugenol 
to vanillin (production of 0. 9 g L1 after 48 h) [41] and Chrysosporium pannorum, which was able to 
convert a-pinene to verbenone and verbenol. Rottava et al. [34] have isolated strains from effluents 
of citrus industry as well as other samples (soil from the plantation of citrus, citrus fruits, and citrus 
leaves). Of the 405 strains isolated [34], eight were able to bioconvert limonene and fifteen converted 
pinene, generating a-terpineol as a product in both cases. Bicas et al. [7]have obtained 248 
microorganisms, of which seventy were developed in a medium containing limonene as the sole 
source of carbon. However, as reported by Molina et al. [27], there are several challenges to be 
overcome to enable the production of aromas by biotransformation, among them the high toxicity of 
both the substrate and the product and the low yields obtained. According to these authors, such 
difficulties can be overcome with the isolation and selection of strains as the studies mentioned above.  

6.3. Pathways Production and Biotransformation of Terpenes  

When bacteria encounter monoterpenes, they must address the toxic effects associated with 
them [42]. To prevent the accumulation of monoterpenes in the cell and cytoplasmic membrane, 
bacteria modify their membrane lipids, transform monoterpenes, and employ active transport via 
efflux pumps [43]. At subtoxic concentrations, microorganisms utilise monoterpenes as their sole 
carbon and energy source. While numerous microbial cultures have reported monoterpene 
transformations over the past 50 years, the biochemical pathways involved have often been 
undisclosed. Furthermore, only a small fraction of the investigated strains has been deposited in 
culture collections. Without detailed knowledge of the genes or the availability of strains, the 
observations from biotransformation experiments hold limited value for future studies. 

6.3.1. Bicyclic Monoterpenes 

The isomers α-pinene and β-pinene (C10H16) are the primary components of wood resins, 
particularly conifers. Pseudomonas Rhodesia (CIP 107491) and P. fluorescens (NCIMB 11671) were 
found to grow on α-pinene as the sole carbon source. α-pinene undergoes oxidation to α-pinene oxide 
via a NADH-dependent α-pinene oxygenase and then experiences ring cleavage by a specific α-
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pinene oxidelyase, yielding isonovalal, which is subsequently isomerised to novalal [5]. The cleavage 
reaction of α-pinene oxide has also been observed in Nocardia sp. strain P18.3 [34]. An alternative 
degradation pathway for pinene via a monocyclic p-menthene derivative has been described in 
Pseudomonas sp. strain PIN [44]. Bacillus pallidus BR425 degrades α-pinene and β-pinene, yielding 
limonene and pinocarveol. While α-pinene is transformed into limonene and pinocarveol, β-pinene 
exclusively produces pinocarveol. Both intermediates can be further converted into carveol and 
carvone. Although the activity of specific monooxygenases has been suggested, experimental 
evidence is lacking [4]. Serratia marcescens utilises α-pinene as the sole carbon source, leading to the 
formation of trans-verbenol. In glucose and nitrogen-supplemented medium, this strain produces α-
terpineol. The two oxidation products are considered dead-end products as they accumulate in 
cultures [5]. It should be noted that for many biotransformation studies, caution must be exercised as 
monoterpenes often contain impurities and oxidation products that can serve as substrates, resulting 
in traces of monoterpene and monoterpenoid transformation products that are not further 
metabolised. 

6.3.2. Monocyclic Monoterpenes 

Limonene (C10H16) is the most abundant monocyclic monoterpene and the second most 
abundant volatile organic compound (VOC) indoors, after toluene [20]. It is a major component of 
essential oils derived from citrus plants such as lemon and orange. Rhodococcus erythropolis DCL14 
transforms limonene into limonene-1,2-epoxide, which is then converted to limonene-1,2-diol by a 
limonene-1,2-monooxygenase and a limonene-1,2-epoxide hydrolase, respectively. A specific 
dehydrogenase forms the ketone, 1-hydroxy-2-oxolimonene, which is further oxidised to a lactone 
by a 1-hydroxy-2-oxolimonene 1,2-monooxygenase. Enzyme activities were only detected in 
limonene-induced cells, indicating tight regulation of limonene degradation. R. erythropolis DCL14 
possesses a second pathway for limonene degradation in which limonene is hydroxylated to trans-
carveol by a NADPH-dependent limonene 6-monooxygenase. R. opacus PWD4 follows the same 
pathway, converting limonene to trans-carveol. Biomass from a glucose-toluene chemostat culture of 
R. opacus PWD4 transformed limonene into trans-carveol, which was further oxidised to carvone by 
a trans-carveol dehydrogenase [29]. In Pseudomonas gladioli, studies on limonene metabolism 
identified α-terpineol and perillyl alcohol as major metabolites. However, none of the involved 
enzymes have been purified or further characterised. A α-terpineol dehydratase from P. gladioli was 
isolated and partially purified. The hydration reaction of limonene to form α-terpineol as the sole 
product was observed [45]. Geobacillus stearothermophilus (formerly Bacillus) has been shown to 
grow on limonene as the sole carbon source. The main transformation product of limonene in this 
case is perillyl alcohol, while α-terpineol and perillyl aldehyde are present in minor concentrations. 

6.4. Improvements in physical pretreatment of wood and citrus residues  

To the best of our knowledge, studies on physical pretreatment, i.e. residue grinding and/or 
residue extrusion to remove lignin prior to limonene or pinene biotransformation, have not yet been 
carried out.  

6.4.1. Pretreatment and conditioning 

Pretreatment of forest and agricultural residual materials is an important link in the emerging 
circular economy in general and bioprocessing. Optimising this component will enable us to expand 
the range of high value-added products. Pretreatment methods can be thermal, chemical, physical or 
biological. Whatever the method, pretreatments aim to make biomass manageable during 
mechanical, microbiological or chemical transformations [46]. Pretreatment of forest and agricultural 
residues has an influence on the quantity and quality of terpenes extracted. Indeed, grinding is a 
technique that reduces the size of the biomass to improve the contact surface with steam during 
extraction. However, there may be losses in terms of terpenes yield due to adsorption on the mill 
walls or that may be volatilised in the open air due to reaching an equilibrium point with ambient 
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temperature [47]. Nevertheless, the conditioning of fragmented forest and agricultural residues is 
accompanied by exothermic reactions. These reactions lead to material losses through fungal and 
bacterial attack that can reach around 25% and generate a reduction in energetic power [48]. 
Degradation phenomena generally depend on forest species, moisture content, particle size and 
storage time. The study by Douville et al. [48]showed that fungal attacks lead to weight losses in 
wood, as they degrade chemical compounds such as lignin and cellulose to consume their carbon 
molecules. Consequently, it is necessary to process the biomass immediately after harvesting and, to 
avoid the risk of bacterial or fungal degradation of the biomass and inhibit enzymatic activity after 
harvesting [49]. 

6.4.2. Thermal Pretreatment 

According to several studies, torrefaction and pyrolysis are promising options for thermal 
pretreatment [50]. Torrefaction is a form of thermal pretreatment that produces a finished product 
characterised by low moisture and high calorific value compared with fresh biomass [51]. The 
biomass resulting from this process contains 70% of its initial weight and 90% of its energy content. 
Torrefaction is therefore a cost-effective and efficient method. The cost of torrefaction depends on 
plant costs (39%) and equipment costs (31%). However, pyrolysis is a form of thermochemical 
conversion that requires advanced technologies to produce a higher-quality end product [51]. 

6.4.3. Chemical Pretreatment 

Chemical pretreatments use chemical reagents and solvents to modify or extract the major 
components of lignocellulosic biomass, such as cellulose, hemicellulose and lignin. This makes it 
possible to transform lignocellulosic biomass into interesting and environmentally friendly products 
[52]. The most commonly used processes for chemical pretreatment are alkaline pretreatment, acid 
dilution, steam explosion and the use of low-boiling organic solvents such as methanol and ethanol 
[53]. These methods aim to increase the internal surface area of the biomass and reduce the degree of 
polymerisation and crystallinity of the cellulose. For example, alkaline pretreatments degrade the 
lignin structure and break bonds with carbohydrate fractions [52]. Steam pretreatment, on the other 
hand, is energy-efficient and chemical-free, while avoiding dilution of the sugars. In addition, this 
process can lead to condensation of soluble lignin, making BFR less digestible [54]. 

6.4.4. Biological Pre-Treatments  

These are activities associated mainly with antifungal action, and have the power to degrade 
lignin, hemicellulose and cellulose. This process differs from the chemical and thermal processes and 
requires large amounts of energy [54]. In fact, biological pretreatment is an eco-responsible method 
that avoids toxic discharges into the environment. For example, white-rot fungi are responsible for 
lignin degradation and require less energy (oxygen, water and nutrients) during their reactions [55]. 
Two other enzymes derived from basidiomycetes: manganese peroxidase and laccase are responsible 
for hemicellulose and lignin degradation. On the one hand, these methods are relevant, as they 
improve productivity and avoid damaging the ecosystem through rejects. However, these methods 
require long reaction times to achieve relevant results. Admittedly, this is time-consuming for 
manufacturers [56]. On a large scale, biological pretreatment requires costly processes, as it requires 
a sterile environment. In addition, the microorganisms used during this process consume some of the 
biomass carbohydrates, reducing the efficiency of this method [55]. 

6.4.5. Extrusion 

The lignocellulosic biomass consists mainly of lignin, cellulose, and hemicellulose, which form 
a strong and complex three-dimension structure [57]. To use lignocellulosic biomass as a feedstock 
for microbial biotransformation, it needs to be pretreated. The aim of this pretreatment is to break or 
weaken the lignocellulosic structure to extract/recover the compounds of interest. Usually, the target 
is to recover cellulose, hemicellulose and terpenes. But lignin blocks the access to those compounds 
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[58]. Extrusion is a thermo-mechanical process that applies high shearing forces to a material (a solid 
or a semi-solid) for different purposes such as blending, compounding, mixing, disruption, 
compaction, pelletisation, etc. Therefore, extrusion is used in a wide range of domains: plastics, 
polymers, food, pharmaceuticals, ceramics, metal, biorefinery, paper industry, etc. They need to be 
moistened by a liquid. Adding water in non-optimal condition and ratios (solid/liquid) can cause 
biomass clogging problems inside the barrel due to evaporation and low viscosity. Compared to other 
physical pretreatments, extrusion is regarded as a low-energy consumption technology. 
Furthermore, extrusion does not need significant downstream operations because it does not produce 
inhibitors and does not use high water amounts as hydrothermal pretreatments do. The short 
pretreatment time is one of the main benefits of extrusion: while biological, chemical and some 
physico-chemical pretreatments may last from 30 min to several days, one extrusion pretreatment 
lasts a few minutes (usually around 2 or 3 min) [59]. 

7. Existing Technology for Terpenes Extraction  

There are different types of extraction processes for volatile compounds such as terpenes which 
are based on essential oils extraction. These vary according to the needs of producers who are always 
seeking energy efficiency. Table 3 presents the principle and parameters affecting the extraction 
process (temperature, pressure, solvent usage), as well as the advantages and disadvantages of each 
extraction method in terms of yield, quality of essential oils, and environmental impact. The 
extraction of essential oils from plant tissues is ensured through the phenomenon of diffusion, which 
is a time-consuming process. The entrainment of volatile compounds depends on several factors, 
such as the quantity of the plant's lipid fraction, the degree of solubility of the volatile compounds, 
the gradients of total pressure, and the temperature gradients during the extraction process [60]. The 
extraction phenomenon follows the principle of Fick's law (Equation 1): 

Fick’s Law ]j= -pD;/'Jcj [1] 
]j: Mass flow (kg.m·2 s·1 ), 
p: Density (kg.m3) 
DiJ: binary scattering coefficient (m2 s·1), 
"J c/ Mass fraction (no unit) 

7.1. Steam Distillation  

This process involves an external steam source that diffuses through the raw material placed in 
the vessel, carrying away the volatile molecules. When the raw material is fragile, it is loaded onto 
plates (also called false bottoms) to create multiple stages. The advantage here is to maximise the 
exchange surface between the plant material and the steam, and also to avoid compaction [61]. For 
whole plants like lavender or branches such as fir, the raw material is loaded directly into the vessel. 
Steam distillation is the most commonly used method because it avoids overheating and reduces 
distillation times. Steam distillation is a gentler technique recommended for fragile raw materials 
such as flowers or leaves. However, it is not suitable for powders (such as ground wood or bark) as 
the steam tends to agglomerate them [62]. 

7.2. Solvent Extractions 

Concretes, Resinoids, and Absolutes Extractions using nonpolar volatile solvents (hexane, 
diethyl ether, benzene, petroleum ether, dichloromethane, etc.) allow for the extraction of lipophilic 
molecules from the raw material. This includes volatile and non-volatile terpenoids, waxes, and fats. 
Extractions can be performed with hot solvents (as in the case of Soxhlet extraction) or at room 
temperature during cold maceration. In the essential oil industry, specific products are derived from 
these solvent extractions, namely concretes, resinoids, and absolutes [63]. The raw material loaded 
into tanks is "depleted" with the nonpolar solvent (often hexane). The solvent, enriched with 
lipophilic molecules, is evaporated at low temperatures. The resulting aromatic solid residue is called 
a concrete (or crude resinoid in the case of dry raw material or resin gum) [63]. To remove heavy 
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molecules such as waxes and fats that do not contribute to the fragrance composition of the product, 
the concrete is extracted with ethanol at low temperatures under vigorous agitation. The resulting 
extract, after wax filtration, is called an absolute. These extractions of concretes, resinoids, and 
absolutes are used for fragile or low-yield raw materials (rose, jasmine, benzoin) and produce 
olfactively distinct products compared to essential oils obtained by hydrodistillation. They are 
primarily used in perfumery. 

7.3. New Extraction Methods 

7.3.1. Microwave-Assisted Extraction  

Solvent-Free Microwave Extraction (SFME) allows for the extraction of essential oils from plants 
without the addition of water or steam, except for dry materials where a limited amount of water is 
added. The principle relies on the water naturally present in the raw material as a carrier for the 
volatile molecules, and microwave heating vaporise this water, carrying the essential oil. This 
technique is five to ten times faster than traditional distillation and allows extraction at temperatures 
below 100 °C, avoiding the thermal degradation of certain molecules [64]. Although more energy-
efficient, this process is still less commonly used industrially compared to hydrodistillation [62]. 

7.3.2. CO2 Extraction or Supercritical Fluid Extraction  

Supercritical CO2 is a fluid with high diffusion and density properties that can be used to extract 
volatile molecules from plants. The supercritical fluid passes through the raw material and collects 
the compounds. During expansion, the CO2 transitions into the gas phase, allowing for its separation 
from the extract [65]. This gentle extraction process preserves the integrity of the molecules, often 
resulting in extracts that closely resemble the fresh plant in terms of fragrance. CO2 extraction is 
advantageous due to its abundance, low cost, and non-toxic nature. However, this method requires 
significant investment in equipment and consumes a considerable amount of energy to reach the 
supercritical state (pressure conditions above 74 bars and a temperature of 31 °C) [66]. 

7.3.3. Subcritical Water Extraction  

This process utilises hot water at its subcritical point, between 100 °C (boiling point) and 374.1 
°C (critical point), maintained in a liquid state under high pressure (between 1 and 221 bars). In the 
subcritical state, water possesses different properties, allowing for the solubilisation of low-polarity 
molecules. Thus, the extraction of low-polarity or nonpolar volatile molecules, such as components 
of essential oils, is facilitated by reducing the polarity of water without the addition of organic 
solvents. This technique, which relies solely on water as the green solvent, is nevertheless costly in 
terms of equipment and energy [67]. 

Table 3. Various extraction methods for volatile molecules as terpenes. 

Extraction methods Principle 
Advantages and 
disadvantages 

References 

Steam distillation 

The forest or agricultural 
residue is in direct contact 
with steam, which is then 
condensed. Recovery takes 
place in a separator, where 
the volatile molecules are 
dispersed in water. 

Méthode très simple  
Very simple method  
No energy expenditure, 

Vinatoru, 2001; [68] 

Solvent extraction  

The volatile molecules are 
separated from the solvent 
by evaporation of the solvent 
at high temperatures.  

Efficient, slow and costly 
method 
Requires high temperatures 
(degradation of some 

Hu, 2011; [69] 
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constituents of volatile 
molecules) 

Hydrodistillation 

The residual material is 
submerged in water, which 
is then heated to boiling 
point. After passing through 
the cooler, the mixture is 
collected in an essencier.  

Efficient, but slow method 
for 100 g (4h) 
High water consumption 

Lucchesi, 2005; [70] 

Supercritical fluid 
extraction 

Extraction requires a 
supercritical fluid (CO2 in the 
presence of an organic 
solvent).  

Efficient,  
low-cost method 
No oxidative degradation of 
lipids 

Boukhatem 2011 

Ultrasonic extraction  
Sound waves exert 
vibrations on plant cell walls, 
improving extraction. 

Reduced extraction time Zheng et al. 2014 

Microwave extraction  

The residual material is 
heated from the inside out, 
increasing the water pressure 
inside the cells and causing 
the cells to burst and spill 
their contents into the 
outside environment.  

Environmental efficiency 
Fast method 
Saves time, water and 
residual solvent 

chan et al. 2011 

Hydrodistillation combined 
with microwaves  

For 100 g of plant material, 
this method requires power 
(1200 watts) and duration 15 
min 

Good yield, fast (75 min), 
low cost 

Chemat, 2020 

8. Conclusion 

Limonene is the most abundant naturally occurring monoterpene in orange peel oil, which has 
been extensively studied as a precursor for high-value derivatives, including flavour and fragrance 
additives, solvents, feedstocks for fine chemicals, and active ingredients in medicine. Various 
microorganisms, such as Cladosporium sp., Pseudomonas gladioli, and Penicillium strains, have 
been employed for the biotransformation of refine limonene into compounds like α-terpineol and 
carvone, showcasing the potential for large-scale production of value-added derivatives. Similarly, 
α-pinene, a prominent antimicrobial monoterpene found in essential oils, has garnered attention for 
its applications in food, fragrance, pharmaceutical, and fine chemical industries. The current 
industrial production of α-pinene from natural sources is laborious and inefficient, highlighting the 
need for sustainable biotransformation technologies. Studies have identified biocatalysts such as 
Chrysosporium pannorum, Candida tropicalis, and Hormonema sp. UOFS Y-0067 for the oxidation 
and transformation of α-pinene into commercially valuable compounds like verbenol and α-
terpineol. The main biotransformation study of limonene and α-pinene currently relies on refine or 
pure precursors, which have limitations such as solvent utilisation, high toxicity effect, low 
concentrations of products obtained. However, biotechnological approaches offer a promising 
solution by utilising microorganisms that can metabolite terpenes found in residual wood and citrus. 
These molecules are abundant in these feedstocks and could be biotransform with solid-state 
fermentation and high value industrial by-products could be achieved by improving the technology 
with strategy as solid-state fermentation and extrusion of the lignocellulosic biomass. Further 
research is needed to explore alternative sources of α-pinene, optimise fermentation conditions of 
limonene, and identify potential microbes for its biotransformation.  
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