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Abstract: Currently, insect pest control is carried out through the application of synthetic
insecticides which have been related to harmful effects on both human and environmental health,
as well as to the development of resistant pest populations. In this context, the development of new
and natural insecticides is necessary. Agricultural and forestry waste or by-products are very low-
cost substrates that can be converted by microorganisms into useful value-added bioactive products
through fermentation processes. In this review we discuss recent discoveries of compounds
obtained from fermented substrates along with their insecticidal, antifeedant, and repellent
activities. Fermentation products obtained from agricultural and forestry waste are described in
detail. The fermentation of the pure secondary metabolite such as terpenes and phenols is also
included.
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1. Introduction

Agri-food and forestry industries produce large amounts of waste and by-products that contain
significant amounts of sugars, proteins, lipids, minerals, and complex compounds. All these provide
a great source of nutrients and physical support for microbial growth [1,2]. Fermentation is the most
common biological conversion process of low-cost raw materials (plant-based) carried out by
microorganisms. Through this process, microorganisms have the ability to recycle different types of
plant-based materials and produce high-value compounds or useful products for different industries,
while increasing the environmental and economic benefits associated with their disposal [3]. During
fermentation, the macromolecules present in the substrate are broken down into smaller units due to
the action of microbial extracellular hydrolytic enzymes. Furthermore, a variety of bioconversion
pathways, such as oxidation, reduction, decarboxylation, glycosylation, methylation, acetylation,
esterification, and ring cleavage, can occur, changing the compound structure and producing new
metabolites and bioactive compounds [1,4].

Solid-state fermentation (SSF) is a biotechnological process in which microorganisms grow on
the solid substrate in the absence, or near-absence of water but with enough moisture to support their
growth [5]. On the contrary, submerged fermentation (SmF) is usually carried out with either
dissolved or suspended substrates, in an aqueous medium [6]. It is essential to choose the correct
microorganisms, substrate/support, and bioreactor because they affect the economic viability of the
process. A huge diversity of microorganisms such as filamentous fungi, basidiomycetes, bacteria, and
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different plant-based materials (substrates) have been used to carry out this process [1-3,6,7].
However, the SSF offers several advantages over SmF, including reducing production costs, lowering
the generation of waste water, facilitating downstream processes, increasing product concentration,
and lowering energy requirements [8]. In this context, SSF has emerged as a promising technology
for the production of a broad variety of products such as enzymes, animal feed, mushrooms, single-
cell protein, bioethanol, pigments, organic acids, biofertilizers, antibiotics, aroma compounds, and
biopesticides from plant-based materials [3,9-16]. Therefore, the production and recovery of
secondary metabolites through SSF or SmF of agro-industrial waste to achieve natural molecules with
biopesticide properties becomes a beneficial alternative in terms of sustainability and economy if
compared to their extraction from wild plants or their production by the chemical industry [7,15].

Synthetic insecticides resulting from the petrochemical industry (e.g., carbamates, pyrethroids,
and organophosphates) are the most commonly used method to control insect pests. However, their
intensive and continuous application generates insect resistance, environmental pollution, and food
contamination, affecting people’s health. In dealing with this critical situation, fermentation of
agricultural waste emerges as a new strategy for natural biopesticide production, while responding
to the consumer’s preferences for chemical-free products. Avermectin and spinosad, which are
produced by Streptomyces avermitilis, and Saccharopolyspora spinosa, can be pointed out as the most
successful insecticide products produced through solid fermentation and commercialized for the
agricultural sector. Avermectin acts on the invertebrate-specific L-glutamate-gated chloride channels
while spinosad acts on the nicotinic acetylcholine receptors and on the gamma-aminobutyric acid
(GABA) receptors [17]. Okaramines are insecticides of fungal origin which also activate L-glutamate-
gated chloride channels but they are not being marketed [18].

Currently, biopesticides represent a small portion of the pesticide market, however an annual
growth rate of 15% is projected [19]. Biopesticides are effective in small amounts having high
specificity to the target pests, and low risk to beneficial organisms (including honeybees) and a short
half-life and, as readily biodegradable products, they do not pollute air or water [19]. Therefore, and
considering the increase in the global market demand for natural products that meet consumer
demands for health and well-being, it is clear that there is a promising future for the production of
biopesticide compounds through fermentation using microorganisms, especially if we take into
account the disadvantages of natural products obtained from plants—high extraction and
purification costs and a low metabolites yield, commonly affected by environmental conditions. In
this review we focus on the production and modification of secondary metabolites through the
fermentation of agricultural waste. In addition, evidence of the insecticidal capacity of the natural
products is provided.

2. Fermentation Products —Insect Interaction

To date there is limited literature on the relationship between metabolites produced during
fermentation and their effects on insects. However, there is some evidence indicating that this
relationship is based mainly on diet.

Many of the products obtained during fermentation are volatile compounds that act as insect
attractants, pointing the way to a source of nutrients. Research was carried out in the forest area of
Japan into the relationship between fermented tree sap and the insect community that is attracted to
consume it [20]. The insect community is mainly characterized by Drosophila flies, and also by ants
and sap beetles. [20]. The attraction of different insects to volatile compounds opened new
possibilities for the development of traps using fermented products as baits for pest control.
Drosophila suzukii, a fruit fly native from Southeast Asia and widely spread in America and Europe,
generates great economic losses in the fruit sector because it affects ripe and healthy fruit. It has been
demonstrated that its control can be carried out through traps using fermented fruit which is
characterized by a significant acetic acid content. Drosophila females preferred to oviposit on diets
rich in acetic acid compared to those lacking this product. This behavior prolonged the development
time of the larvae and affected their performance [21,22]. The volatile compounds, isoamyl acetate
and ethyl acetate, produced by Saccharomyces cerevisiae through fermentation have been
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demonstrated to attract Drosophila [23]. Likewise, the aromas generated by fermented fruit act as
attractants of many adults of Lepidoptera and Hymenoptera [24]. For example, two butterfly species,
Vanessa indica and Argyreus hyperbius, showed preference to consume fermented products such as
rotting food rich in acetic acid and ethanol instead of monosaccharides [25]. The codling moth, Cydia
pomonella, (Lepidoptera), a major pest of fruit trees, affects especially apple trees. This moth could be
controlled by using traps containing fermented material produced by the yeasts Metschnikowia
anaduensis and M. pulcherima, as they were attracted by the volatile compounds produced by them
[24]. In addition, the volatile compounds ethyl acetate, ethyl hexanoate, phenyl ethanol, and other
compounds produced by fermented fruits can act as sexual attraction pheromones for insect pests
such as Agrochola helvola L. (Lepidoptera), Blaberus discoidalis Audinet-Serville (Dictyoptera), and
Ceratitis capitata Wied (Diptera), becoming a potential tool for integrated pest management [24]. An
example of this, is the use in traps of 3-methyl-1-butanol, 3-methylbutyl acetate, and ethyl hexanoate
produced by fermented brown sugar which act as strong attractants for Vespula vulgaris (L), an insect
pest present in New Zealand [26]. However, there are several actions needed like further research on
product formulation, tests in field trials on research stations, and proper demonstration on
commercial farms (8-20 ha) in order to introduce biopesticides into the market and to gain product
adoption.

3. Fermentation of Plant-Based Materials as Source of Biopesticide Compounds

The diversification of natural compounds is an important factor for the development of new
active metabolites. This can be achieved during the fermentation of plant-based materials (Table 1).
As mentioned before, during this process the extracellular enzymes secreted by microorganisms are
involved in the breakdown and/or transformation of complex substrates. This improves the
properties of the new products and increases the yields of certain bioactive compounds [1]. At the
same time, during fermentation a considerable amount of secondary metabolites are produced. These
compounds are synthesized and excreted at the end of the exponential phase of microbial growth or
trophophase, but mainly during the stationary phase or idiophase. These compounds do not play
any important role in microbial growth or maintenance of the cellular functions [27]. For example,
the fermentation of Parkia biglobosa (African locust bean) produced metabolites that acted as
insecticides against Callosobruchus maculatus [28]. Likewise, the extract obtained after the
fermentation of neem leaves and wild garlic mixture was the most effective formulation in reducing
the population density of whitefly (Bemisia tabaci) and aphids (Myzus persicae) of tomato crops [29].
The fermentation of eucalyptus leaves, waste from the forestry industry, by edible mushrooms
resulted in the biotransformation of 1,8-cineole, the main terpene of the essential oil, to 1,3,3-
trimethyl-2-oxabicyclo [2.2.2] octan-6-0l and 1,3,3-trimethyl-2-oxabicyclo [2.2.2] octan-6-one [14],
which showed different pesticide activities [30,31].

Citrus peel waste (CPW) represents 50% of the citrus biomass generated by the citrus processing
industry and is an important source of bioactive compounds such as flavonoids. Flavanones and
polymethoxylated flavones are characteristic flavonoids found in citrus peels. Fermentation of the
glycosylated flavanones, hesperidin and naringin, by Aspergillus saitoi generated 8-
hydroxyhesperetin, 6-hydroxynaringenin (carthamidin) and 8-hydroxynaringenin (isocarthamidin),
with improved bioactivities [32]. Other products synthesized through fermentation of citrus peels
were identified, such as aglycones eriodictyol, hesperetin, and naringenin [32]. Naringenin showed
a mortality of 22.5% on Spodoptera litura larvae after its ingestion [33]. Ellagic acid can be obtained
through SmF of orange peel waste with Aspergillus fumigatus [34]. When female Drosophila
melanogaster were fed with a diet containing ellagic acid (200 M) there was a decrease in oviposition
[35]. The SSF of lemon, orange, grapefruit, and tangerine waste carried out with Fusarium oxysporum,
Penicillium purpurogenu, Trichoderma harzianum, and Aspergillus niger, produced chlorogenic acid,
didymin, apigenin 7-O-apiosyl-glucoside, pinoresinol, medioresinol, naringin, and hesperidin [36].
Chlorogenic acid caused a mortality of 32.5% when consumed by S. litura larvae [33]. In addition,
chlorogenic acid inhibited a-glucosidase, an enzyme that hydrolyzes polysaccharides to
monosaccharides, thus affecting the nutrition capabilities of S. litura [37]. The insecticidal effect of
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naringin and hesperidin could be due to their inhibitory activity against the enzyme
acetylcholinesterase (AChE) [38]. Recently, hesperidin was used for the development of a novel
insecticide with lower environmental impact, the metal-insecticide magnesium-hesperidin complex
[39].

SSF of Morus alba leaves with the edible fungi Monascus anka increased the production of
flavonoids, quercetin, and kaempferol [40]. The production of kaempferol, as well as two kaempferol
O-diglycosides, through fermentation of green lentils by the fungus Epicoccum nigrum was also
reported [41]. The plant Alnus sieboldiana is widely distributed in warm regions of the Northern
Hemisphere and is usually infected by Penicillium spp., which induces changes in the plant volatile
profile. The fermentation of A. sieboldiana male flowers by Penicillium spp. caused changes in the
compounds profile. The contents of naringenin and pinocembrin were reduced after a 6-month
fermentation while new compounds such as kaempferol, quercetin, pinocembrin dimethyl ether, 5,7-
dimethoxy-3-hydroxyflavanone, and 5,7-dimethoxy-3-hydroxyflavone were produced through
bioconversion. Authors suggested that the hydroxylation of naringenin at positions C-3 and C-3'
produced kaempferol and quercetin, respectively, while methylation, hydroxylation, and oxidation
of pinocembrin gave three 5,7-dimethoxyflavonoids [42]. Pei et al. [43] reported production of
kaempferol and astragalin through fermentation. Both quercetin and kaempferol showed high
mortality rates against S. litura larvae [33,44]. In addition, quercetin inhibited the oviposition of the
melon fly Bactrocera cucurbitae [44].

Glycosylation of flavonoids is an effective strategy to improve solubility and bioavailability,
important to reach specific target sites and for the stability of products towards enzymatic
degradations [45]. The -glucosidase is responsible for the bioconversion of 3-glucoside isoflavones
into isoflavone aglycones [46]. Although flavonoid aglycones typically exhibit better biological
activity in cell assays than their glycosides, the use of the aglycones is limited because of their low
water solubility and rapid metabolism in vivo [47]. The fermentation of flavonoids by Isaria
fumosorosea ACCC37814 produced glycosylation of the free aromatic hydroxyl group at the B rings of
flavonoids [47]. Quercetin 3-O-3-D-glucoside exhibited the highest antifeedant and contact toxicity
activities against Sitophilus zeamais and Prostephanus truncatus, insect pests associated with stored
maize. The insecticidal activities of the flavonoids are probably due to the presence of a keto group
at C-4 position, or a hydroxyl group at C-5 and C-7 positions [48]. The results of Aboshi et al. [49]
showed that flavonoid glycosides were more toxic against Spodoptera litura larvae than
monoglycosides. Glycosylation of flavonoids also happened in Escherichia coli [50,51].

Lactic acid bacteria can disintegrate vegetal cell walls, increasing the release of phenolic
compounds from lignin or condensed tannins [52]. Lactobacillus plantarum can fully degrade
gallotannins through the action of tannase or tannin acyl hydrolase (EC 3.1.1.20), which catalyzes
hydrolysis of ester bonds, yielding glucose and gallic acid as products. Gallic acid is subsequently
decarboxylated to pyrogallol. The addition of pyrogallol (125 ppm) to the diet affected the emergence
of S. litura adults by 60%, while larval mortality reached 56% [53]. The application of gallic acid (5
ppm) reduced the oviposition and ovipunctures of Bactrocera cucurbitae by 50% [44]. A decrease in
oviposition of Trogoderma granarium females fed with a diet containing gallic acid was also reported.
This could be related to follicular cell necrosis and to disorganization and degeneration of oocytes
among others [54]. Different fermentation processes (SmF or SSF) were implemented for the
production of high concentrations of gallic acid using several natural tannin-rich substrates
(eucalyptus leaves, pomegranate peel, banana peel, and wheat bran) [55].

Hydroxycinnamic acids are rare to find in free form and are present in plant tissues, mainly, as
glycoside esters. Solid-state fermentation of rice bran with a single or mixed culture of Aspergillus
oryzae and Rhizopus oryzae, produced different phenolic acids, such as ferulic acid, 4-hydroxybenzoic
acid, caffeic acid, sinapic acid, vanillic acid, and syringic acid [56]. Phenolic acids such as p-coumaric
acid, ferulic acid, and dihydrocaffeic acid sprayed individually or in mixtures, on different plants can
reduce the reproductive period or fertility of the insect pests Sitobion avenae and Sesamia nonagrioides
[57]. Caffeic acid represents from 75% to 100% of the total hydroxycinnamic acids found in fruits,
while ferulic acid is the most predominant phenolic acid of cereal grains [52]. The esters of
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hydroxycinnamic acids are converted into acids during the fermentation process. These acids are
then decarboxylated to generate vinyl phenol, vinyl guaiacol, and vinyl catechol through the phenolic
acid decarboxylase. Their further reduction generated ethyl phenol, ethyl guaiacol, and ethyl catechol
[52] that showed insecticidal activity against mosquitoes, flies, and aphids [58-60]. Ethyl phenol and
ethyl guaiacol had a lethal dose LD90 of 134 and 455 pg/larvae, respectively, on the 4th instar larvae
of Spodoptera littoralis, while their antifeedant property was 100% with 250 pg/cm? in both compounds
[61]. Fermentation of kiwi pulp by L. plantarum promoted changes in the phenolic profile. The main
phenolic acids present in the fermented material were protocatechuic and chlorogenic acids
(dihydroxy coumarin and p-coumaric acid). On the contrary, catechins, epicatechins, and gallic acid
are degraded by L. plantarum during fermentation, triggering an increase in the scavenging activity
and improving the antioxidant capacity of the fermented pulp, if compared to the non-fermented
one. [62]. The phenolic compounds p-coumaric acid and protocatechuic acid showed insecticidal
activity against S. zeamais, probably through the inhibition of AChE activity [63]. During
fermentation, lactic acid bacteria convert caffeic acid into dihydrocaffeic acid due to the action of the
phenolic acid reductase. This compound showed antifeedant and cytotoxic activity against S. littoralis
sixth instar larvae [64]. Other volatile compounds, such as trans-2-hexen-1-ol, 1-octanol, citronellol,
geraniol, (E)-2-hexenal and methylheptenone can also appear during lactic acid bacterial
fermentation [65]. The volatile alcohol, trans-2-hexen-1-ol, improved the activity of the aggregation
pheromone of Anthonomus grandis (Coleoptera), which allowed the development of traps for
capturing insects [66]. Furthermore, trans-2-hexen-1-ol and (E)-2-hexenal showed insecticidal effect
against S. zeamais [67,68].

Fermentation can also generate new products whose bioactivities have not yet been determined.
For example, fermentation of Stevia rebaudiana by Saccharomyces cerevisiae produced three new
terpenoids, sterebins O, P1, and P2 with melanogenesis-inhibiting properties [69]. Dong et al. [70]
reported the fermentation of Illigera aromatica by the fungus Clonostachys rogersoniana and two new
monoterpenoids, (1R*3R*45%6R*)-6,8-dihydroxymenthol and cis-4-hydroxy-5-(1-hydroxy-1-
methylethyl)-2-methyl-2-cyclohexene-1-one, were obtained. Seven new diterpenoids named as
heptemerons A-G were obtained through the fermentation by the basidiomycete fungus Coprinus
heptemerus [71].

However, the acceptance of natural products as insecticides for pest management in crops faces
certain difficulties related to the identification of the active metabolites and their modes of action, the
short shelf life of the compounds, and the lack of global regulatory harmonization, among other
factors [19].

Table 1. Bioactive products obtained through fermentation of agro-industrial wastes or by-products
by different microorganisms.

Fermented Substrate(s) Microorganism Product(s) Reference
1,3,3-trimethyl-2-oxabicyclo [2.2.2]
Eucalyptus leaves and 1,8- Pleurotus ostreatus octan-6-ol, and [14]
cineole Favolus tenuiculus 1,3,3- trimethyl-2-oxabicyclo [2.2.2]

octan-6-one
1,3,3-trimethyl-2-oxabicyclo [2.2.2]

1 8-cineole Mucor ramannianus octan-6-ol, and 31]
’ Aspergillus niger 1,3,3- trimethyl-2-oxabicyclo [2.2.2]

octan-6-one

8-hydroxyhesperetin, 6-

Lime peel (hesperidin and hydroxynaringenin, 8-

naringin) Aspergillus saitoi hydroxynaringenin, eriodictyol, [32]
hesperetin, and naringenin
Orange peel (polyphenols) Aspergillus Ellagic acid [34]

fumigatus
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Fusarium oxysporum
Penicilli
. et Chlorogenic acid, didymin, apigenin 7-
Lemon, orange, grapefruit, purpurogenu ; . . .
. . O-apiosyl-glucoside, pinoresinol, [36]
and tangerine peels Trichoderma Lo L -1
. medioresinol, naringin, and hesperidin
harzianum
A. niger
Morus alba leaves Monascus anka Quercetin and kaempferol [40]
. . . Kaempferol and kaempferol O-
Green lentils Epicoccum nigrum . . [41]
diglycosides
Kaempferol, quercetin, pinocembrin
dimethyl eth 7-dimethoxy-3-
Alnus sieboldiana male flowers Penicillium spp. imethyl ether, 5,7-dime (XY 3 [42]
hydroxyflavanone, and 5,7-dimethoxy-
3-hydroxyflavone.
Naringenin Escherichia coli Kaempferol and astragalin [43]
Flavonoids (naringenin,
h tin, luteoli
.e sperelm, u. €o 1.n ’ . Mono-methylglucosides, mono-
diosmetin, apigenin, Isaria fumosorosea . . . [47]
. . glucoside, and di-methylglucoside
genistein, formononetin, and
kaempferol)
. . Lactobacillus L
Tannins and gallotannins Glucose, gallic acid, and pyrogallol [52]
plantarum
Tannin-rich substrates
(eucalyptus leaves, .
A.
pomegranate peel,banana ) ger . Gallic acid [55]
Trichoderma viride
peel, guava leaves, and wheat
bran)
Aspereillus orvzae Ferulic acid, 4-hydroxybenzoic acid,
Rice bran perg Y caffeic acid, sinapic acid, vanillic acid, (56]
Rhizopus oryzae . X
and syringic acid
Protocatechuic chlorogenic acids
Kiwi pulp L. plantarum (dihydroxy coumarin and p-coumaric [62]
acid)
I?i;?;;;jiiiﬁga Trans-2-hexen-1-ol, 1-octanol,
Apple jui ) i 1lol iol, (E)-2-h 1
pple juice and Bifidobacterium citronellol, geraniol, (E)-2-hexenal, and [65]
methylheptenone
Spp-)
. . Sacch . .
Stevia rebaudiana aee arc‘m.iyces Sterebins O, P1, and P2 (terpenoids) [69]
cerevisiae
(1IR*3R*45%6R*)-6,8-
t dihyd thol, and cis-4-hydroxy-
Illigera aromatica Clonos aéhys ihydroxymenthol, and cis-4-hydroxy [70]
rogersoniana 5-(1-hydroxy-1-methylethyl)-2-methyl-

2-cyclohexene-1-one (terpenoids)

4. Fermentation of Pure Secondary Metabolites

Biological catalysts make production of complex chemicals and by-products easier and cheaper
than using purified enzymes. They enhance specificity to reactions and eliminate complicated

separation and purification steps. Furthermore, the capability of biological agents to produce

valuable products under moderate conditions makes them attractive and powerful tools [72].

Microorganisms can catalyze reactions that allow structural modifications of low-cost natural

compounds such as terpenes or phenols. Therefore, it is possible to obtain valuable products with
regio- and stereo-selective reactions.

4.1. Terpenes

Terpenes are the most common type of chemical compound found in plant essential oils. They

are cyclic hydrocarbons made up of isoprene units (CsHsn; the n indicates the number of units
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involved). Essential oils and/or their pure terpenes have been included in insecticidal formulations
due to their low toxicity and high volatility. Currently there are considerable amounts of plant-based
crop protection products commercially available [73,74]. The composition of essential oil-based
pesticides, as well as the amount of the active metabolites, are guaranteed by the International
Standardization Organization (ISO).

The main difficulty in the fermentation of terpenes is due to the fact that these types of
compounds have strong antimicrobial activity. Hence, it has become very important to carry out the
selection of biotransformation agents (either microorganisms or their enzymes), substrates (e.g.,
essential oils), and conditions so as to obtain the desired added-value products [72,75]. Due to the
large quantity of existing literature about the biotransformation of terpenes in this study we focus on
the bioconversion of terpenes obtained from essential oils (geraniol), agro-foods (limonene), and
forestry industrial residues (1,8-cineole and pinenes).

Geraniol is one of the most important terpenes commercialized in the flavor and fragrance
industries [76]. The biotransformation of geraniol through SmF using Penicillium digitatum yielded 6-
methyl-5-hepten-2-one (sulcatone) (Figure 1) [77]. Sulcatone proved to be an effective insecticide
against Spodoptera littoralis, with a strong impact on larval mortality and a reduction in the emergence
of adults [78]. In addition, a positive response of Philaenus spumarius L. (Hemiptera) to sulcatone was
reported. This insect is a vector of Xylella fastidiosa, a phytopathogenic proteobacterium, that attacks
crops such as olive, grape, plum, and lemon, and both can be controlled through the development of
new formulations based on sulcatone [79].

The essential oil obtained from the petals of Rosa damascena has great economic value and is
highly appreciated as a base material in the fragrance and flavor industries. Its chemical composition
is mainly geraniol, nerol, and phenylethyl alcohol. However, the fermentation of the rose petals
reduces the content of geraniol while increasing the concentration of citronellol [80]. During grape
fermentation by Saccharomyces cerevisiae, geraniol is converted into linalool or nerol or it is reduced
into citronellol (Figure 1) [81]. Alcohol acetyltransferase (Atflp) is the enzyme involved in the
esterification process during fermentation, while the old yellow enzyme (Oye2p), a flavoprotein,
catalyzes the reduction of geraniol to citronellol [81]. According to Soares-Rodrigues et al. [82] linalyl
acetate, neryl acetate, citronellyl acetate, and geranyl acetate are excellent biopesticides compounds
against Drosophila melanogaster and Reticulitermes chinensi.

OH

o]
l
Penicillium digitatum Z

Sulcatone

Geraniol

¢ OH

| Citronellol

Figure 1. Biotransformation of geraniol into sulcatone and citronellol, two new biopesticide
compounds, by Penicillium digitatum and Saccharomyces cerevisiae, respectively [78,81].

Limonene isomers are the most abundant monoterpene hydrocarbons found in nature. (+)-(R)-
limonene is the major constituent of the essential oil obtained from citrus peels [83]. A 50-year
literature review shows that the biotransformation of limonene by different types of microorganisms
(bacteria, filamentous fungi, and yeasts) produces carveol, carvone, perillyl alcohol, isopiperitenol,
a-terpineol, and limonene 1,2-diol [83-85] as main components. The biotransformation products of
limonene generated by bacteria are mainly perillaldehyde, perillic acid, limonene-1,2-epoxide, and
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limonene-8,9-epoxide, while isopiperitenone, limonene-4-ol, and cis/trans-mentha-2,8-dienol are
commonly generated by filamentous fungi and yeasts. Limonene dioxide, cis-linalool oxide, and
limonene-1,2-diol are neurotoxic compounds for insects, affecting them at different stages of their
development (Figure 2) [86]. Limonene caused a 70.7% mortality in Sitophilus granarius adults,
whereas the oxygenated compound, limonene oxide, obtained through fermentation resulted in a
mortality of 100% [87]. On the other hand, limonene itself has a broad insecticidal spectrum and is a
component of several formulations of commercial products [73]. The production of limonene through
fermentation using microorganisms offers an alternative strategy to meet the current requirements
for this natural compound [88].

o :
: _OH
o OH
OH
0 X o N
Limonene dioxide Linalool oxide Limonene-1,2-diol

Figure 2. Biotransformation products with insecticidal properties obtained though fermentation of
limonene [86].

Fermentation of the epoxylated terpene 1,8-cineole by Pleurotus ostreatus and Favolus tenuiculus
produced 1,3,3-trimethyl-2-oxabicyclo [2.2.2] octan-6-o0l and 1,3,3- trimethyl-2-oxabicyclo [2.2.2]
octan-6-one [14]. Conversion of 1,8-cineole by the bacterium Pseudomona flava produced the same
compounds [89]. Fermentation by A. niger produced two alcohols and one ketone, but the oxidation
occurred at the C-3 position of the monoterpene [90]. The repellent and insecticidal properties of 1,8-
cineole and its derivatives have been widely reported against several insects [73].

Turpentine is an important product obtained mainly from pine trees by the forestry industry.
The isomers a-pinene and B-pinene are the main components of turpentine. These pinenes are
differentially distributed in some species of Pinus spp. resins [84]. The use of pinene as carbon source
to carry out fermentation with different filamentous fungi generated (+)-verbenone, (+)-cis-verbenol,
pinocarveol, pinocarvone, and hydroxy-pinenes as the main biotransformed products. On the other
hand, when the fermentation of pinene is carried out using bacteria species, the main products
recovered are camphor, borneol, myrtenol, and myrtenic acid [84]. Under certain culture conditions,
the (+)-(1R, 2S, 4R)-1-p-menthane-2,8-diol can be obtained from the fermentation of a- or 3-pinene
using different strains of A. niger. The insecticidal properties of terpenes products have been
extensively reported [82,84,91].

4.2. Phenols

Phenolic compounds are a diverse group of plant secondary metabolites that can be recovered
from agricultural and forestry industrial waste using different downstream processes, and also
through microbial degradation of the polymers that constitute the plant cell wall. In plants, phenolics
are synthetized through the pentose phosphate, shikimate, and phenylpropanoid pathways, and they
can be classified based on their carbon skeletons as phenolic acids, flavonoids, stilbenes, tannins,
lignans, coumarins, curcuminoids, or quinones [92].

Flavonoids are well-known bioactive compounds with numerous benefits, mostly attributed to
their antioxidant activity [93]. Monomers released during the fungal degradation or bioconversion of
plant-based materials are generally gallic acid and ellagic acid from hydrolysable tannins, whereas
catechin, epicatechin, and gallocatechin derive from condensed tannins. As an advantage, this
strategy enhances compounds’ bioactivities and readiness [94,95]. Furthermore, this innovative
process is in agreement with the European regulation on flavors (EC N8 1334/2008), which indicates
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that compounds obtained from materials of natural origin (vegetal, animal, or microbiological
sources) using physical, enzymatic, or microbiological processes can be labelled as ‘natural’.

During fungal bioconversion of flavonoids different reactions can take place such as
hydroxylation, dehydroxylation, O-methylation, O-demethylation, glycosylation, deglycosylation,
hydrogenation, dehydrogenation, C ring cleavage of the benzo-y-pyrone system, cyclization, and
carbonyl reduction (Figure 3) [92,96]. Fungal enzymes such as peroxidases, laccases, tannases, or
dioxygenases can be used for the structural transformation of flavonoids (increasing the number of
hydroxyl groups). For example, naringenin has been enzymatically converted into carthamidin and
isocarthamidin, and these structural changes increased the antioxidant capacity and improved the
antimicrobial and larvicide activities, thereby showing the potential for the development of new
bioactive formulations to use in the food and agrochemical industry [21,97,98].

Multimethoxy flavanone Flavanol

Figure 3. Demethylation sites of multimethoxylated flavanones and methylation sites of flavanols that
can be modified by microbial enzymes during fermentation. The arrows indicate the demethylation
and methylation sites of each compound [96].

The biotransformation of flavones during fermentation occurs through the hydroxylation on the
ortho position of the hydroxyl group on the A ring and C-4’ position of the B ring (Figure 4). Flavonols
are hydroxylated at C-8 position, while the hydroxylation of flavanones occurs at C-5, C-6 and C-4’
positions, and the isoflavones are usually hydroxylated at C-3' position of the B ring (Figure 4) [96].
The presence of a hydroxyl groups at C-3 or C-7 positions facilitates glycosylation during this
biotransformation [96]. During the bioconversion process, the flavonols are O-methylated at C-3’and
C-4’ positions, the flavones at C-6 position, while in flavanones this occurs at the hydroxyl groups of
the A ring. The conversion of flavonoids into chalcones can also occur through the rupture of the C
ring [96]. The presence of electron-donating groups located at the A or B ring of chalcones increases
their insecticidal property, especially against mosquito larvae. However, the presence of a methyl
group on the A ring drastically reduces this property [99]. On the other hand, it was observed that
methoxylation increases the antifeedant activity of flavones [100], as long as they do not occur at C-6
or C-7 positions [101]. The absence of a substituent of flavonoids on the B ring produces antifeedant
properties against Spodoptera litura larvae [100,102]. Similarly, Romanelli et al., [101] showed that the
insecticidal activity against S. frugiperda decreases when the flavone has a methyl, methoxy, or
hydroxyl substituents at the C-6 or C-7 position.

Flavone Flavonol Flavanone

Figure 4. Hydroxylation sites of the main flavonoids compounds that can be modified by
microorganisms during fermentation. The arrows indicate the hydroxylation sites in the compounds
[97].
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Therefore, it is important to highlight the enormous potential offered by phenols bioconversion
to increase the availability of natural products or novel compounds, which do not exist in nature and
have better bioactivities. The challenge is to work in a multidisciplinary approach in the development
of ecofriendly biocatalytic processes for the production of new bio-based compounds with improved
biopesticide activities to protect crops from pests, and to demonstrate that it is possible to do it in a
more sustainable manner.

5. Conclusions

Fermentation is a promising biotechnological approach for the production of useful bioactive
products using different plant-based materials. It is also an environmentally-friendly industrial
process. During fermentation, bioconversion reactions performed by fungi or their enzymes increase
molecular diversity of bioactive metabolites that can be obtained from the substrates. A huge variety
of agro-industrial waste or by-products can be easily used as low-cost substrates in fermentation
processes and converted into valuable bioactive products such as biopesticides. It is important to
mention that the increase in the availability and diversity of natural bioactive compounds will pave
the way for the development of new insecticidal formulations. It will allow resistance problems in
the control of different pests to be overcome and enable the use of natural bioactive compounds in
combination with commercial products so as to achieve synergism and reduce toxicity.
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