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Abstract 
 
 
Biocatalysis has become an indispensable part of the industrial production of organic compounds due 

to the superior functional properties of enzymes over chemical synthesis and due to the need of 

mitigating the environmental impact of chemical processes. The demand for new biocatalysts is 

constantly growing and besides the numerous characterised enzymes, only few candidates meet the 

requirements dictated by the industrial sector. Metagenomics has made possible the exploration of 

the incredible microbial biochemical diversity, significantly increasing the number of novel enzymes 

identified thanks to naïve screening and direct sequencing of environmental DNA. By applying a 

metagenomics-based analysis, we investigated the rhizosphere of Sorghum plant for the identification 

of novel biocatalysts of industrial interest. In detail, we aimed at finding a methylation reaction for the 

enzymatic production of sorgoleone, an allelopathic metabolite naturally released by sorghum roots 

that acts as a potent weed control compound, and other hydrolytic activities with enhanced properties 

of common use in biotechnological applications.  After enrichment with Cashew Nut Shell Liquid 

(CNSL), a waste product from cashew industry rich in phenolic lipids resembling our target 

substrate/product, de novo sequencing of the total metagenomic DNA and fosmid expression libraries 

were produced. The changes in microbial community composition and its biodegradation potential 

was evaluated and resulted in a reconstruction of catabolic network, which suggested the significant 

enrichment in bacteria known for their aromatic hydrocarbons degradation capabilities in response 

to CNSL addition. Metagenome analysis suggested a number of enzyme candidates that were cloned 

and expressed. One of them was an efficient SAM-O-methyltransferase from uncultured 

microorganism distantly related to Mycobacterium, able to react with the aromatic moiety of the 

target substrate molecule cardol triene. Preliminary experiments suggested this enzyme as a basis for 

the establishment and further improvement of the two-stage process for semisynthetic sorgoleone 

production. Furthermore, functional screening of fosmid libraries identified two highly promiscuous 

esterases, capable of hydrolysing a broader range of ester substrates than the most-active industrial 

prototypes. The work has a number of potential environmental and economic implications, namely, 

in moving towards the establishing of an environmentally-friendly (greener) process for production of 

a natural herbicide for efficient weed control. Furthermore, a notable contribution was delivered to 

the functional annotation of poorly described enzyme families in databases, as well as to the definition 

of structural determinants of the enzyme promiscuity phenomenon, feature highly valued in industrial 

enzymes. 
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CHAPTER I 

Introduction  

 

 

1.1. Soil microorganisms and their interactions with plants 

 

Soil is considered the most complex and diverse habitat on Earth, holding the largest reservoir 

of microbial diversity. Every gram of soil harbours thousands of microbial species (Schloss & 

Handelsman, 2006), which are actively involved in several biological processes including organic 

matter decomposition and cycling of all important elements (Nannipieri et al., 2017). Currently still 

little is known about the soil microbial taxonomic and functional diversity, due to the impossibility to 

cultivate the majority of the microorganisms. Over the past decades, thanks to the advent of new 

culture-independent approaches, i.e., Next-Generation Sequencing (NGS) platforms and 

metagenomics, the scientific community is successfully filling the void in the knowledge of microbial 

communities’ compositional and functional variabilities in different ecosystems and conditions.  

Soil is a very heterogeneous and discontinuous system where microorganisms are irregularly 

distributed and live in discrete microhabitats, some of which have favourable growth conditions 

(Stotzky, 1997). The richness and evenness of the microbial community in soil is strongly affected by 

several environmental factors. Soil physical, chemical and biological properties, such as pH (Fierer & 

Jackson, 2006), soil type (Schutter et al., 2001), water content (Bossio & Scow, 1998), pressure, and 

mineral nutrients can affect the ecology and activity of microorganisms. Modifications in the content 

of bioavailable organic carbon influence the diversity of soil communities (Goldfarb et al., 2011). This 

includes agricultural management, with pesticide and fertilizer application (Jangid et al., 2008) and 

various organic amendments (de Brito et al., 1995), which significantly modify population dynamics of 

soil bacteria. In addition, plants are known to exercise a strong influence on soil microbial communities 

through root exudation and the input of lignocellulosic polymeric compounds (Nannipieri et al., 2008). 

Plant roots, besides the primary functions of anchorage of the plant to the substratum and of 

uptake and transport of minerals and water, are involved in other complex functions, influencing 

biological and chemical parameters of the immediate soil surrounding, or the so-called rhizosphere 

(Flores et al., 1999). The rooting zone is a very nutrient-rich environment and living organisms have 

evolved particular systems in order to compete and proliferate. The interactions happening in the 

rhizosphere can be positive or negative to the plant. Positive interactions include the association of 

epiphytes, mycorrhizal fungi and nitrogen-fixing bacteria, the production of protective biofilms, 

antibiotics and iron-chelating siderophores that prevent the growth of phytopathogens, and the 
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degradation of soil contaminants (Li et al., 2012; Mendes et al., 2013); negative interactions include 

contacts with parasitic plants, pathogenic bacteria, fungi, and insects (Bais et al., 2001). The soil-plant 

interaction emerges as a result of roots’ ability to synthesise and secrete low and high molecular 

weight compounds into the soil (Walker, 2003). The scale of plant exudation is huge, up to 50% of 

gross produced carbon is excreted by the roots; root exudates change the chemical and physical 

properties of the soil and provide nutrients and chemotactic molecules, provoking a variety of 

different responses that affect neighbouring plants, insects, and microbes (Nardi et al., 2000; Walker, 

2003).  

 

 

1.2. Root exudate and root-rhizosphere communication 

 

Roots perform active exudation secreting into the soil a large variety of low and high molecular 

weight compounds. The impact of this process varies with the age and physiological state of the plant, 

type of soil and nutrient availability. Polysaccharides and mucilage are an example of high molecular 

weight compounds secreted by root cap cells with lubrication functions (Walker et al., 2003). Low 

molecular weight constituents such as organic acids, sugars, amino acids, phenolic compounds and 

other secondary metabolites account for the majority of the secretion (Bertin et al., 2003). Although 

root exudation represents an important carbon cost for the plant (Marschne, 2013), the benefits for 

the plant and the ecosystem are numerous; with a wide range of mechanisms, the exudate directly 

and indirectly targets other plant species, soil microorganisms and rhizosphere nematodes. 

For example, root exudate can consist of metabolites that act as antimicrobials, phytotoxins, 

nematicidal and insecticidal compounds (Weir et al., 2004). Roots can produce chemical signals to 

increase the resistance to aphids in neighbouring plants, dissuading the proliferation of aphids or, 

indirectly, attracting predators and parasites of the offending herbivore (Chamberlain et al., 2001). 

Acting as metal chelators, root exudates can alter soil chemistry and modify the soil nutrient 

availability increasing metal solubility and mobility (Dakora & Phillips, 2002). The deposition of 

secondary metabolites into the rhizosphere can attract or inhibit the growth of specific 

microorganisms, influencing the microbial community structure. Chemical attraction (chemotaxis) is 

a familiar method of cross talk between plant roots and microbes. In response to flavonoids produced 

by legume roots, transcription of rhizobial nodulation (nod) genes is induced  and specific 

Proteobacteria develop a symbiotic association with leguminous plants (Scheidemann & Wetzel, 

1997). The result of the infection of root nodules by the soil bacteria is the fixation of atmospheric 

nitrogen into a plant usable form (ammonium); in return, the plant supplies the bacteria with 
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carbohydrates, proteins, and oxygen (Moulin et al., 2001). Microorganisms referred to as plant growth 

promoting rhizobacteria (PGPR) (Gray et al., 2005) are able to produce phytostimulators, enhancing 

plant maturation; others produce protective biofilms, antibiotics or antifungal metabolites with 

resulting advantages for the plant species (Bais et al., 2004). A negative form of signalling is mediated 

by the release of potent phytotoxins that reduce the establishment, growth and survival of susceptible 

neighbouring plants in a process referred to as allelopathy (Rice, 1984).   

 

 

1.3. Allelopathy 

 

The International Allelopathy Society defined allelopathy as follows: “Any process involving 

secondary metabolites produced by plants, micro-organisms, viruses, and fungi that influence the 

growth and development of agricultural and biological systems (excluding animals), including positive 

and negative effects” (Torres et al., 1996). Allelopathy is a phenomenon that occurs constantly in 

natural ecosystems; it involves the production and release of organic compounds, commonly referred 

to as allelochemicals, by plants into the environment, with consequent direct and indirect effects to 

another plants (Fig. 1.1). Root exudate, highly rich in secondary metabolites and organic compounds, 

can be considered the largest source of allelochemicals input into the soil environment. 

Allelochemicals mediate positive and negative effects in terms of crop establishment and performance 

(Weston & Duke, 2003), usually conferring to the plant that release them an advantage over the 

neighbouring crop and weed species (Rice, 1984). The most frequently reported morphological effects 

on plants are the inhibited or retarded seed germination, the negative impact on coleoptile elongation 

and on the development of radicles, shoots and roots. The allelopathic effects of these toxic 

compounds does not exclusively depend on their concentration in the soil compartment. Some 

allelochemicals are released in the soil as already active compounds, others are influenced in their 

accumulation and phytotoxic effect by abiotic and biotic environmental conditions (e.g. pH, 

temperature, light, oxygen, microorganisms) (Inderjit & Weiner, 2001).  
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Fig. 1.1 Multi-dimensional nature of allelopathic interactions. Plant A releases allelochemicals which directly 

affect growth of plant B. Plant A releases allelochemicals which are modified and activated by microorganisms. 

Plant A releases allelochemical which stimulates microorganisms to produce new allelochemicals that affects 

growth of plant B (Soltys et al., 2013). 

 

 

Phytotoxins can be produced or released by different plant organs including roots, rhizomes, 

leaves, stems, pollen, seeds and flower. Allelochemicals differ remarkably in chemical structure, 

modes of action and effects on plants. They are products of the secondary metabolism and belong to 

several chemical groups: terpens, benzoquinones, flavonoids, terpenoids, phenolic acids, fatty acids 

and non-protein aminoacids. Numerous crops have been investigated for allelopathic activity towards 

weeds or other crops species. A suppressive effect on weed has been reported for a wide range of 

temperate and tropic crops. These comprise alfalfa (Medicago sativa), barley (Hordeum vulgare), 

clovers (Trifolium spp., Melilotus spp.), oats (Avena sativa), pearl millet (Pennisetum glaucum), rice 

(Oryza sativa), rye (Secale cereale), sorghum (Sorghum spp.), sunflower (Helianthus annuus), sweet 

potato (Ipomoea batatas), and wheat (Triticum aestivum) (Dilday et al., 2001; Rawat et al., 2017; 

Miller, 1996; Weston, 1996). Rye is one of the most important allelopathic crop, used to suppress 

weeds as a rotational and cover crop. The main allelochemicals released by rye (also found in maize 

and wheat) are the glucoside DIMBOA (2,4-Dihydroxy-7-methoxy-1,4-benzoxazin-3-one) and DIBOA 

(2,4-dihydroxy-1,4(2H)-benzoxazin-3-one), which are degraded spontaneously to the corresponding 

benzoxazolinones MBOA (6-methoxybenzoxazolin-2-one) and BOA (Wu et al., 2001a). Many other 

compounds were also identified such as p-coumaric acid, p-hydroxybenzoic acid, vanillic acid, etc. (Wu 

et al., 2001b; Schulz et al., 2013). Sunflower is also considered an allelopathic crop, which releases 16 

different phenolic compounds. Eight sunflower cultivars were screened for their weed suppressing 

properties and up to 80% of weed biomass reduction was observed (Alsaadawi et al., 2012). Several 
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other allelopathic compounds have been identified: the respiratory inhibitor napthoquinone juglone 

(Juglans nigra, black walnut) (Jose & Gillespie, 1998a, 1998b), the sesquiterpenoid lactone artemisinin 

(Artemisia annua, wormwood) (Duke et al., 1987), numerous phenolic acids and momilactone A and 

B (Oryza sativa, rice) (Kato-Noguchi & Peters, 2013), the amino acid derivative L-DOPA (Mucuna 

pruriens, velvet bean) (Fujii et al., 1992) and the benzoquinone sorgoleone (Sorghum spp.) (Nimbal et 

al., 1996b). 

The general participation of soil microbes in the allelopathic phenomenon is well established, 

via direct or indirect effects (Inderjit, 2005). Microbes can be affected by allelopathic plants leading to 

indirect effects on competing plants. Mutualistic microbes, such as nodulating bacteria and 

mycorrhizal fungi, are negatively affected by allelochemicals produced by plants, which gain a 

competitive advantage over species highly dependent on these symbiotic microorganisms (Cipollini et 

al., 2012). Microbes can influence the toxicity and quantitative availability of allelochemicals. It has 

been reported how the soil microbial community had adapted to using these compounds as an energy 

source, enhancing their degradation (Kong et al., 2008). Undoubtedly, allelochemical recovery is 

usually greater in sterile soils than non-sterile soils (Inderjit et al., 2010); nevertheless, estimating the 

half-life of different allelopathic compounds in soils is not straightforward due to the high dependence 

on soil characteristics, microbial composition, concentration of allelochemical and presence of other 

easier-to-digest organic compounds (Gimsing et al., 2009; Kong et al., 2008). On the other hand, 

degradation of allelochemicals by soil microbes sometimes can lead to the formation of more toxic 

compounds. Benzoxazolinones MBOA and BOA released by many cereals can be further degraded to 

2-amino-(3H)-phenoxazin-3-one (APO) and other APO-related metabolites with increased 

phytotoxicity (Gents et al., 2005). In another example, the innocuous substance gallotannin, exuded 

by the common invasive reed Phragmites australis, is hydrolysed by microbial tannase enzymes to the 

toxic phenolic gallic acid that restricts the growth of native plants (Bains et al., 2009). 

 

 

1.3.1. Allelopathy for weed management 

 

The presence of weeds negatively affects the physiological activity and growth of surrounding 

crops, depriving them of nutrients, space and light. A reduction in yield caused by weeds ranging from 

23% to 40% for some important crops was estimated (Oerke, 2006). Therefore, weed management 

appears as an imperative and challenging issue to address. Currently, the most used methods involve 

the application of synthetic herbicides and the mechanical removal of the infesting weeds. However, 

nowadays the chemical approach is no longer sustainable in terms of costs, environmental, human 
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and animal health. Additionally, the development of herbicide resistance in weed populations has 

become a critical phenomenon; there are currently more than 250 species of herbicide-resistant weed 

that have evolved resistance to 163 different herbicides (International Survey of Herbicide Resistance 

Weeds, 2018). 

In this scenario, the exploitation of allelopathy may represent a powerful green strategy for 

weed management. Historically, crops with allelopathic properties have been exploited for centuries 

in the agronomic sector; crop rotation in field and the use of crop residues as green manure are some 

common examples. Research studies have allowed new and more sophisticated ways to exploit the 

full potential of allelopathic crops in agriculture (Cheng & Cheng, 2015). 

The transmission of allelopathic traits between species is an interesting strategy to enhance 

weed-suppressing activity of crops.  Different approaches were undertaken, such as traditional 

breeding methods (Kim & Shin, 2003) and genetic engineering (Duke et al., 2001). In order to improve 

allelopathy through breeding, researchers must first identify variations in the allelopathic potential of 

available germplasm. An extensive effort in the identification and characterization of competitive 

morphological traits and genetic markers associated with allelopathic properties is therefore 

necessary. As reported by surveys of crop cultivars, variation in weed suppressive ability has been 

observed in crop species and among genotypes and cultivars of the same species. The assessment of 

seedlings of 453 wheat accessions showed different levels of inhibition of root growth of ryegrass, 

ranging from 9.7 to 90.9% (Wu et al., 2000). Twenty-seven rice lines were tested against barnyard-

grass and weeds from the family Alismataceae (Seal & Pratley, 2010), showing significant differences 

in their suppressive ability and weed specificity. The cultivar Amaroo was the most efficient, with 97% 

inhibition of root elongation. Differences in allelopathic potential have been studied also among 

accessions of barley, cucumber, oats, soybean, sunflower, and sorghum (Nimbal et al., 1996b). 

Important results were achieved in the identification of genetic markers and mapping of allelopathic 

genes (Wu et al., 2003, 2008) using RFLP and AFLP strategies. Two major quantitative trait loci (QTL) 

associated with allelopathy were found on wheat chromosome 2B, with one of them responsible for 

29% of total phenotypic variance of wheat seedling allelopathy.  QTLs controlling allelopathy in rice 

were also mapped (Jensen et al., 2001). An improved allelopathic rice cultivar was obtained by 

breeding efforts and it was released for commercial cultivation in China (Kong et al., 2011).  

An interesting and prospective research area is the development of new classes of herbicides 

based on the chemistry of allelopathic molecules. The advantages of using compounds of biological 

origin are numerous. Firstly, allelochemicals are fully or partially water-soluble, which make them 

easier to apply, biodegradable and less soil persistent (Dayan et al., 2009a). Moreover, these 

molecules act at a different molecular level than synthetic herbicides, binding to new target sites and 
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offering the opportunity to overcome weed resistance to already commercialized compounds (Nimbal 

et al., 1996a; Dayan et al., 2009b). Defining the mechanisms of action and the biosynthetic pathway 

of these plant-synthesised secondary metabolites is therefore pivotal for their chemical or enzymatic 

production. Organic herbicides and plant-growth inhibitors have been manufactured from allelopathic 

plant materials to inhibit weed growth in fields (Ogata et al., 2008; Guillon, 2003; Selga & Kiely, 1997; 

Soltys et al., 2013). Cinmethylin is a monocot weed control agent developed in the early 1980s as a 

derivative of the natural monoterpene 1,8-cineole, component of eucalyptus oil (Dayan et al., 2003b), 

but its mode of action is still unknown. Sarmentine is an amide with broad-spectrum herbicide activity 

isolated from Piper species; wild mustard and pigweed were the most sensitive to sarmentine. Its 

mode of action involves the destabilization of plasma membranes and the interference of the 

photosystem II (Dayan et al., 2015). Sarmentine was patented but not commercialised yet (Huang & 

Asolkar, 2015). 

The allelopathic potential of sorghum has been studied for years and extensively described. 

The p-benzoquinone sorgoleone is considered the main compound responsible for the toxicity 

towards various weed species. Sorgoleone proved to be more effective in inhibiting weed growth after 

formulation as a wettable powder (Uddin et al., 2014). The strong weed-suppressive ability of 

formulated sorgoleone raised interest as an effective, natural, environmentally friendly approach for 

weed management 

 

 

1.4. Sorgoleone discovery and herbicidal activity 

 

Sorghum (Sorghum bicolor L. Moench) is an important cereal grain crop, originated from 

Ethiopia and preferentially cultivated in Africa, United States, Australia, India and South America 

(Weston, 1996). The Sorghum genus includes approximately 25 species with a wide spectrum of 

applications, especially used as green manure or cover crop to suppress weed population. 

The allelopathic effect of sorghum has been used in agriculture for decades and several 

studies documented its weed suppression effect. The foliar spray of aqueous extracts of sorghum 

plants (sorgaab) significantly increased the yield of tested crop including wheat (Cheema & Khaliq, 

2000), maize (Ahmad et al., 2000) and mungbean (Cheema et al., 2001), due to increased weed 

suppression. The inhibitory effect was greatly enhanced in combination with sunflower and eucalyptus 

water extracts (Cheema et al., 2002). Sorghum used as cover crop reduced weed biomass up to 90%, 

with signs of growth inhibition of the subsequent alfalfa crop (Forney et al., 1985; Weston, 1996). 

Different studies reported the production and release of many primary phenolic acids, ubiquitous in 
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plants, that have phytotoxic activity, in concentrations that depend on the cultivar and plant age. 

Molecules like p-hydroxybenzoic, gallic acid, syringic acid, protocatechuic acid, vanillic acid, benzoic 

acid, p-coumaric acid have been identified (Cheema et al., 2007). The JS-263 cultivar had the highest 

content of total isolated phenolic compounds (904.6 μg g− 1), while extracts of the cultivar Sibbi 

contained the lowest phenolic content (51.35 μg g− 1). Nevertheless, these findings do not explain the 

exceptional inhibitory activity observed in sorghum (Alsaadawi et al., 1986; Panasiuk et al., 1986). The 

analysis conducted on 25 different sorghum cultivars resulted in the observation of a common 

hydrophobic, pigmented yellow droplets at the apex of the root hairs, insoluble in aqueous media, but 

extractable in chloroform wash solution (Czarnota et al., 2001). Major constituents of the root exudate 

appeared to be the lipid benzoquinone sorgoleone (2-hydroxy-5-methoxy-3-[(8’Z,11’Z)-8’,11’,14’- 

pentadecatriene]-p-hydroquinone) along with its reduced hydroquinone form dihydrosorgoleone (Fig. 

1.2). These two compounds accounted for 90% of the exudate (Netzly & Butler, 1986; Czarnota et al., 

2003b; Erickson et al., 2001); the remainder of the exudate consisted of sorgoleone congeners varying 

in the degrees of saturation of the aliphatic chain (one to three double bonds) or in the substitutions 

in the aromatic ring (Kagan et al., 2003). The combination of all these molecules appeared to 

contribute to the allelopathic potential of sorghum. 

 

 

 

Fig. 1.2 Structures of sorgoleone and its reduced analogue dihydrosorgoleone. 

 

 

Comparative analyses within different sorghum accession indicated considerable variability in 

the chemical composition of the exudate. The cultivation and the screening of more than 25 

genetically diverse sorghum plants under identical environmental conditions produced dissimilar 

amounts of exudate, with differences in the purity and concentration of the sorgoleone secreted 

(Czarnota et al., 2003a, Nimbal et al., 1996b). 
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1.4.1. Activity of sorgoleone  

 

Secondary plant products like sorgoleone may have diverse roles in the rhizosphere, effecting 

seedlings and mature plants, bacteria and microbes. The phytotoxic lipophilic compound sorgoleone 

has several interesting modes of action, interfering with different physiological processes on a wide 

range of plant species. Sorgoleone exhibited inhibitory activity as pre- and post-emergence herbicide 

in both greenhouse and field conditions (Uddin et al., 2010b). Initial bioassays that investigated the 

effects of sorgoleone on plant growth revealed a significant reduction of radical elongation of 

Eragostis tef by the application of 125 µM sorgoleone, and reduction in frond number and dry weight 

of Lemna minor by the application of 100 µM sorgoleone (Einhellig & Souza, 1992). Hydroponic culture 

bioassays showed a strong inhibition of radicle elongation and seedling growth in µmolar 

concentration of commonly occurring field weeds (broadleaf and grass weeds species), namely 

velvetleaf (Abutilon theophrasti), jimsonweed (Datura stramonium), redroot pigweed (Amaranthus 

retroflexus), ivyleaf morningglory (Ipomea hederacea), green foxtail (Setaria viridis), crabgrass 

(Digitaria sanguinalis), and barnyard grass (Echinochloa crusgalli) (Einhellig & Souza, 1992; Nimbal et 

al., 1996b). The inhibitory activity of sorgoleone appeared to be dose-dependent, with effects on leaf 

area and shoot/ root weights by concentration of sorgoleone as little as 10 µM. Differential tolerance 

to sorgoleone was observed, with strong inhibition of shoot and root growth in barnyardgrass, 

velvetleaf, and large crabgrass. Large crabgrass appeared the most sensitive species, showing 50% of 

shoot growth inhibition (Nimbal et al., 1996b). Soil impregnated with sorgoleone at concentration 

ranging from 10 to 80 ppmw had inhibitory effect on the growth of lettuce, common purslane, 

velvetleaf, sicklepod, and redroot pigweed (Czarnota et al., 2001). Growth reduction of 14-days-old 

seedlings was observed after foliar application of sorgoleone, with a significant inhibition of black 

nightshade, redroot pigweed, common ragweed, sicklepod and other grass species (Czarnota et al., 

2001). Sensitive species showed signs of chlorosis, suggesting a possible inhibiting role of sorgoleone 

in chlorophyll biosynthesis.  

The inhibitory activity of sorgoleone appears to be also time-dependent, greatly influenced by 

the age of leaf tissue. Younger seedlings are more sensitive to the action of sorgoleone. The exposure 

of leaf disc of velvetleaf seedlings to 100 µM sorgoleone resulted in a complete inhibition of ETR 

(electron transport rate) in 3-days-old and 4-days-old discs. Nevertheless, 50% reduction of ETR was 

observed in leaf discs of 7-days-old seedlings and no inhibition was measured on tissues 14-days-old 

or older. By contrast, inhibition with 33 µM atrazine was strong on leaves of all ages (Dayan et al., 

2009b). This result was confirmed by the absence of radioactivity in the foliage of 3-weeks-old 

velvetleaf seedlings exposed to 14C-ring labelled sorgoleone, suggesting that sorgoleone was not 
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translocated acropetally to the foliage by old seedlings. However, hypocotyl and cotyledonary tissues 

of velvetleaf emerging from the soil and treated directly with the allelochemical, showed clear signs 

of inhibition (Dayan et al., 2009b); this result confirmed that sorgoleone can be absorbed through the 

cuticle and epidermis, inhibiting the photosynthesis of young plants. Therefore, sorgoleone exerts its 

activity as a pre-emergence herbicide, affecting the tissues of developing seedlings that encounter 

sorghum root exudate in the soil. 

The biological activity of sorgoleone proved to be comparable to synthetic herbicides such as 

diuron and atrazine, and the molecular target sites of sorgoleone have been located in the 

photosynthetic and mitochondrial electron transport (Einhellig et al., 1993; Nimbal et al., 1996a; 

Rimando et al., 1998), in the enzyme p-hydroxyphenylpyruvate dioxygenase (Meazza et al., 2002), and 

in the root H+-ATPase pump (Hejl & Koster, 2004b). Sorgoleone is an effective inhibitor of the 

photosynthetic electron transport chain due to its structural similarity to the natural electron 

acceptors plastoquinone and ubiquinone. The site of action in the PSII complex was determined using 

isolated thylakoid membranes from spinach, comparing the competitive binding behaviour in the 

presence of atrazine, a potent inhibitor of photosynthesis, and other known PSII inhibitors (Nimbal et 

al., 1996a). Sorgoleone bound the QB site of D1 protein within the PSII complex, requiring half the 

amount of free energy of the plastoquinone as suggested by docking studies (Czarnota et al., 2001). 

Investigation in spinach thylakoids showed that the inhibition of sorgoleone was similar to the 

herbicide diuron, with I50 of 0.10 and 0.12 µM, respectively. Inhibition and competitive binding 

behaviour of diuron, atrazine, metribuzin and sorgoleone was also observed using potato and redroot 

pigweed thylakoids (Nimbal et al., 1996a). Interestingly, besides competing for the same site, atrazine-

resistant plants showed reduction in growth in the presence of sorgoleone. In fact, atrazine is a Ser264 

family PSII inhibitor whereas sorgoleone belongs to the His215 family; therefore, mutations resulting in 

atrazine resistance do not lead to cross resistance to sorgoleone (Dayan et al., 2009b). A decreased in 

the uptake of nutrient solution was observed in soybean seedlings treated with sorgoleone and linked 

to the decrease in the H+-ATPase activity detected in root microsomal membranes (Hejl & Koster, 

2004b). A similar mode of action was elucidated for juglone, an allelochemical exuded from the roots 

of black walnut (Juglas nigra L.) (Hejl & Koster, 2004a). Overall, the toxicity of sorgoleone may be the 

combination of diverse mechanisms, with the inhibition of photosynthesis and respiration in young 

seedlings, together with the phytotoxic activities on other molecular target sites in older plants. 

Herbicidal activity of sorgoleone was analysed using its formulated wettable powder form against a 

number of weed and crop species. Broadleaf weed species, in particular Rumex japonicas and 

Plantago asiatica, showed greater susceptibility than grass weed species in both pre- and post-

emergence applications (Uddin et al., 2014). In general, formulated sorgoleone exhibited 25-30% 
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higher inhibition compared to pure sorgoleone (Uddin et al., 2014); evidence that opens up interesting 

possibilities for the development of a new greener approach for weed management.  

 

 

1.4.2. Release of sorgoleone into the rhizosphere 

 

The biosynthesis of sorgoleone is linked to the presence of living root hairs (Yang et al., 2004a), 

mostly constitutive and proportional to the root biomass. Two sorghum accessions, the hybrid SX-17 

(Sorghum bicolor > Sorghum sudanese) and johnsongrass (Sorghum halepense) were investigated to 

identify the intracellular location of root exudate production. Root hairs are cytoplasmic dense tubular 

extensions of the root epidermis that appear to be the metabolic sites for the production of 

sorgoleone (Duckett et al., 1994). These cells are rich in mitochondria and endoplasmic reticulum, 

signs of a high physiological involvement. Microscopic evidences validated the intracellular production 

location of sorgoleone. Transmission electron microscopy images showed lipophilic vesicles 

associated with smooth endoplasmic reticulum (SER) throughout the cytoplasm and an accumulation 

of osmiophilic globules between the cell wall and the plasma membrane (Fig. 1.4) (Czarnota et al., 

2003a), as previously observed also in other secretory cells (Fahn, 2000). A cellular transport 

mechanism or the fusion of the vesicles with the cell membrane were hypothesised as mechanisms 

responsible for the deposit of the material between the cell wall and the plasmalemma (Czarnota et 

al., 2003a). From this space, the exudate then moves to the tip of the root hairs where SEM images 

and light microscopy showed golden brown droplets of root exudates (Fig. 1.3) (Czarnota et al., 2001, 

2003a). 

 

A           B 

 

Fig. 1.3 A. SX-17 root hairs producing the golden brown droplets containing sorgoleone. Bar=50 µm. B. Cryo-

SEM of johnsongrass showing the globules of root exudate on the tips of the root hairs (white arrows). Bar=100 

µm (Czarnota et al., 2003a). 
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Fig. 1.4 A, B. Transmission electron micrograph showing longitudinal sections of Sorghum bicolor x Sorghum 

sudanese cv. SX-17 root hairs. Root exudates, stained black, are deposited between the plasma membrane and 

cell wall. A, Bar=1 µm. B, Bar=0.2 µm. ER=endoplasmic reticulum, S=root exudates, V=vacuole (Czarnota et al., 

2003a) 

 

 

Production of exudate occurs shortly after germination from the apex of root hairs, right after 

these specialized cells have stopped elongating. As long as sorghum is actively growing and producing 

root hairs, sorgoleone is continually produced and secreted into the rhizosphere. Its production 

appears to be constant over time, reaching approximately 20 µg mg-1 dry weight of root (Dayan et al. 

2009b). The constant amount of sorgoleone produced per root dry weight may be the result of a 

feedback inhibition mechanism that stops the exudation of the lipophilic compound once droplets 

accumulate at the root tip. The roots segments washed with water released the inhibition and 

restored the production of sorgoleone to typical levels within 7 days (Dayan et al. 2009b). The levels 

of sorgoleone exudation appeared to be affected by environmental conditions. The amount of 

sorgoleone exuded is sensitive to temperature, with an optimum of production at 30°C. Low 

temperatures inhibited root growth and sorgoleone synthesis, as well as temperatures above 35°C 

reduced the amount of sorgoleone produced of 95% (Dayan, 2006). Acidic pH conditions slightly 

stimulated sorgoleone production (Dayan, 2006). Light treatment did not affect root development but 

significantly repressed sorgoleone production, in particular under blue and red light. Interestingly, the 

treatment of sorghum seedlings with a water-soluble extract of velvetleaf generated an increase in 

the amount of sorgoleone produced in a dose-dependent manner (Dayan, 2006), not complemented 

with an increase in root biomass. A result that suggested a stimulating response to the presence of 

other plants in the release of the allelopathic compound. 
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1.4.3. Mineralization of sorgoleone and interaction with soil microbes 

 

Sorgoleone is a hydrophobic compound with a log Kow of 6.2 (Trezzi et al., 2006) and therefore 

is expected to strongly bind with the organic matter in soil. An investigation conducted in Danish and 

American soils (Gimsing et al., 2009) showed how mineralization of sorgoleone varied depending 

mostly on the type of soil used (decisive is the organic matter content and previous exposure to 

sorgoleone) and initial concentration of the allelochemical. Interestingly, all parts of sorgoleone 

molecule were susceptible to degradation but not to the same extent. The methoxy group was rapidly 

degraded after 10 days, whereas the quinone ring and the aliphatic chain showed slower degradation 

rate. American soils had the best degradation potential, with up to 40% of sorgoleone mineralized 

after 70 days, suggesting a better predisposition of the microbial community to using sorgoleone as 

carbon source.    

 

 

1.4.4. Biosynthesis of sorgoleone 

 

In order to determine the biosynthetic pathway of sorgoleone and identify its metabolic 

intermediates, retrobiosynthetic NMR studies of sorghum exudate collected from seedlings grown 

with isotopically labeled substrates were carried out. The first labeling study demonstrated that 13C-

acetate was incorporated into the aromatic ring of a dihydroquinone derivative of sorgoleone (Fate & 

Lynn, 1996). As postulated for structural similar compounds (Kozubek & Tyman, 1999), it was 

suggested that the sorgoleone pathway involves the convergence of two metabolic routes, the fatty 

acid pathway for the synthesis of the aliphatic tail and the polyketide synthase pathway for the 

constitution of the quinone head (Fig. 1.5). The biosynthetic pathway likely starts in the plastids with 

the generation of an unusual Δ9,12,15 C16:3-CoA fatty acid by fatty acid synthase and desaturases 

(Dayan et al., 2003a). The intermediate is then used as substrate by a specialized polyketide synthase 

(PKS) outside the plastids, which catalyses the condensation of 3 units of malonyl-CoA, cyclization and 

decarboxylation, yielding the resorcinolic lipid intermediate (5-pentadecatrienyl resorcinol). The next 

step is the methylation of the hydroxyl on carbon 3 of the resorcinol ring that was observed with 13C-

methyl-methionine through the putative action of S-adenosyl-L-methionine-dependent O-

methyltransferase (OMT). The last step involved in the pathway is the dihydroxylation on carbons 2 

and 4 catalysed by hydroxylases (likely one or two P450 monooxygenases) to produce the reduced 

form of sorgoleone (Dayan et al., 2003a, 2010). 
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Fig. 1.5 Biosynthesis of sorgoleone showing the incorporation of 13C-labeled substrates in the carbon backbone. 

2-13C-D-glucose (green) incorporated in carbon atoms 1, 3 and 5 of the quinone head, as well as carbon atoms 

2’,4’,6’,8’,10’,12’ , and 14’ of the tail. 1-13C-acetate (blue) incorporated in carbon atoms 1 and 5 of the quinone 

head but not in the lipid tail. 13C-methyl-L-methionine (red) incorporated in the 3-methoxy group. FAS = fatty 

acid synthase, SAD1, DES2 and DES3 = fatty acid desaturases, ARS = acyl-resorcinol synthase (polyketide 

synthase), OMT3 = O-methyltransferase, P450 = P450 monooxygenase. (Dayan et al., 2010) 

 

 

1.5. Genetic pathway of sorgoleone synthesis 

 

The recognised herbicidal properties of sorgoleone attracted the attention of the scientific 

community that aimed to identify and characterise the genes and enzymes involved in the sorgoleone 

biosynthesis. The isolation of the genes is highly appealing for the agronomical sector, as this could 

provide new opportunities in terms of generation of transgenic crops with enhanced allelochemical 

characteristics, but also for the use of plant cells as bioreactors in the production of sorgoleone. 

Several studies were carried out and the putative biosynthetic pathway is now established (Fig. 1.6). 

The biosynthesis of sorgoleone appeared to require four types of enzymes: fatty acid desaturase (DES), 

type III polyketide synthase (PKS), S-adenosyl-L-methionine dependent O-methyltransferase (OMT) 

and cytochrome P450 monooxygenase. 

Sorgoleone accumulation is restricted to root hairs (Czarnota et al., 2001, 2003a), therefore 

the enzymes involved in its production were considered to be predominantly expressed in these 

specialised cells. Thus, a root hair specific expressed sequence tag (EST) library was built and used for 

the investigation (Baerson et al., 2008a). The S. bicolor cultivar BTx623 was selected as a model system 

for identifying genes associated with sorgoleone biosynthesis since this cultuvar was previously used 
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to generate a sorghum genomics infrastructure and a completed sorghum genome sequence 

(Paterson et al., 2009). Total RNA was purified and used for the construction of the cDNA library from 

which the EST database was generated, resulting in approximately 5,500 sequences. The database was 

mined for the candidate enzymes performing BLAST searches using functionally characterized protein 

sequences (Baerson et al., 2008a; Cook et al., 2010; Pan et al., 2007, 2018). Few candidate genes with 

high expression levels in root hairs for all of the targeted enzyme families were shortlisted. The specific 

candidates were then functionally characterized by heterologous expression of the full-length open 

reading frames into E. coli or Saccharomyces cerevisiae.  
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Fig. 1.6 Proposed biosynthetic pathway of the allelochemical sorgoleone in sorghum plants. Dihydrosorgoleone, 

the hydroquinone produced in vivo, is thought to undergo auto-oxidation once secreted into the soil to yield 

sorgoleone, a more stable benzoquinone. ARS, alkylresorcinol synthase; DES, fatty acid desaturase; OMT, O-

methyltransferase; P450, cytochrome P450 (Baerson et al., 2008b). 
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1.5.1. Fatty acid desaturase from sorghum 

 

The formation of Δ9,12 double bonds is quite common and ubiquitous in plants, and enzymes 

responsible for the synthesis of polyunsaturated fatty acids in plant have been characterised 

(Behrouzian & Buist, 2002; Uttaro, 2006). It is instead unusual the presence of a Δ15 terminal double 

bond in the aliphatic side chain, which is catalysed by a unique class of desaturases not yet described. 

The work conducted in two different studies allowed the identification of putative fatty-acid 

desaturases involved in the formation of the C16:3 desaturation pattern of the aliphatic tail of 

sorgoleone (Yang et al., 2004b; Pan et al., 2007) (Fig. 1.6). The GC-MS analysis of the fatty acids 

composition of various S. bicolor genotype BTX623 tissues showed the presence of 16:2 and 16:3 fatty 

acids in the lipid extracts of roots hairs, evidence that confirmed the primary role of these cells in the 

biosynthesis of the fatty acids precursors and sorgoleone. Two fatty acid desaturase-like sequences 

were identified within the EST dataset from isolated root hairs, encoding the enzymes SbDES2 and 

SbDES3 that revealed the ability to catalyse consecutive desaturation steps converting palmitoleic acid 

(16:1Δ9) to hexadecadienoic acid (16:2Δ9,12), and this to hexadecatrienoic acid (16:3 Δ9,12,15) (Pan et al., 

2007). Relative expression level determined by real-time RT-PCR with gene specific primers, showed 

a preferential expression of the two selected desaturases in root hair cells, displaying level of 

transcripts 1,000 times higher compared to other tissues (stem, immature leaf, mature leaf, panicle, 

root with hair removed). Based on sequence analysis, SbDES3 showed significant similarity to FAD3-

type sequences, which generally catalyse the conversion of 18:2 to 18:3 in phospholipids (Browse et 

al., 1993). Multiple alignment analysis revealed 12 amino acid changes in SbDES3 sequence in position 

highly conserved, which were considered responsible for the gained ability of this enzyme of 

mediating the formation of the three terminal sequential double bonds in the side chain of 

sorgoleone. SbDES2 was instead more similar to plant FAD2-type desaturase, which typically acts on 

C16/C18 acyl chains at the Δ12 position (Los & Murata, 1998). The co-expression in yeast cells of the two 

desaturases resulted in the production of the 16:3Δ9,12,15 fatty acid with a terminal double bond, 

precursor of the aliphatic side chain of sorgoleone (Pan et al., 2007).  

 

 

1.5.2. Alkylresorcinol synthase from sorghum 

 

In the proposed pathway (Fig. 1.6), the polyunsaturated fatty acyl-CoA previously generated 

is used as starter unit for a polyketide synthase enzyme in order to produce the 5-pentadecatrienyl 

resorcinol intermediate. A specific subclass of type III polyketide synthases, referred to as 
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alkylresorcinol synthase (ARS), has been suggested to participate in this reaction (Dayan et al., 2003a). 

Type III polyketide synthases are homodimers that catalyse sequential condensation reactions, 

typically using malonyl-CoA as extender units, with differences in the number of condensation steps 

performed (Shimizu et al., 2017). Type III PKSs that preferentially use long‐chain acyl‐CoA starters are 

referred to as alkylresorcinol synthases which catalyse the formation of 5-n-alkylresorcinols (Funa et 

al., 2006, 2007). Analysis performed by GC-MS on the methanol extract prepared from sorghum 

tissues confirmed the significant accumulation of 5-pentadecatrienyl resorcinol in root hairs cells 

(Cook et al., 2010). The root hair ESTs dataset (Pan et al., 2007; Baerson et al., 2008a) was mined for 

candidate PKSs and five unique PKS-like sequences were identified. Two enzymes, ARS1 and ARS2, 

displayed root hair preferential expression as reported by real-time RT-PCR analysis, and amino acid 

sequence similarity to previously characterized plant type III PKSs (Austin & Noel, 2003). Both enzymes 

catalysed formation of 5-alkylresorcinols in activity assay performed using various fatty acyl-CoA 

starter units with differences in length and degree of saturation, and malonyl-CoA as extender unit 

(Cook et al., 2010). The preferred substrates were myristoyl-CoA (C14) and palmitoleoyl-CoA (C16:1Δ9) 

for ARS1 and ARS2, respectively. Activity was registered also with the hexadecatrienoyl-CoA 

(C16:3Δ9,12,15), the physiological substrate proposed in the sorgoleone biosynthesis. Although the 

specificity for substrates such as palmitoyl-CoA (C16) and palmitoleoyl-CoA (C16:1) was higher, the 

activity of the recombinant enzymes in in vitro assays may not reflect the behaviour of ARS1 and ARS2 

in vivo. An additional validation of the role of ARS1 and ARS2 in sorgoleone biosynthesis was obtained 

by the gene knockdown experiment using RNA interference in transgenic sorghum plants (Cook et al., 

2010). Hairpin RNA-forming binary vectors were assembled for targeted downregulation of ARS1 and 

ARS2, and six independently transformed S. bicolor events were performed and evaluated.  Expression 

levels of the two genes were substantially reduced in hpRNA+ individuals, with a decrease in transcript 

accumulation from 66% to 96% of ARS1 and from 55% to 86% of ARS2. A correlation was observed 

with respect to sorgoleone accumulation, whose levels, determined by GC-MS of root exudates 

prepared from 10-d-old hpRNA+ seedlings, were significantly reduced to undetectable levels.  

Homology-based modelling was carried out to explain the observed substrate specificity of 

the enzymes for long-chain fatty acyl-CoA. Particular attention was given to the enzyme active sites 

which revealed differences when compared to the crystal structures of plant-specific PKSs templates, 

namely M. sativa chalcone synthase CHS2 (Ferrer et al., 1999) and G. hybrida 2-pyrone synthase 2-PS 

(Jez et al., 2000). The highly conserved Thr among plant type III PKSs (Thr-132 in M. sativa CHS2 and 

Thr-137 in G. hybrida 2-PS) was replaced by a Tyr in ARS1 and ARS2, with a consequent narrowing of 

the active site cavity. Furthermore, an Ala residue in the sorghum enzymes replaced the Met 

conserved in the majority of type III PKS enzymes (Met-137 in M. sativa CHS2, Met-142 in G. hybrida 
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2-PS), which represents the exclusive involvement of the second subunit to the active site cavity. The 

Ala residue in this position is rare among type III PKSs, but it is contained in bacterial enzymes that use 

long-chain fatty acyl-CoAs as substrates (Sankaranarayanan et al., 2004). Additional amino acid 

positions, known from site-directed mutagenesis studies to be relevant for defining the size of the 

active site cavity and the number of condensation reactions performed, appeared to contain 

substitutions in S. bicolor ARSs. In particular, it was observed an inverse relationship between residue’s 

side chain bulk and number of condensation reactions performed. The most represented Thr-197 in 

CHS2 was replaced by Ala in sorghum enzymes, and Gly-256 in CHS2 and Leu-261 in 2-PS that appeared 

to influence the type of starter units accepted were substituted by a Met (Cook et al., 2010).  

Collectively, the results obtained from ARS1/2-targeting RNAi experiments, from functional 

assays using recombinant ARS1 and ARS2, from tissue specific expression pattern, and structural 

studies strongly supported the involvement of the two alkylresorcinol synthases in the biosynthesis of 

sorgoleone.  

 

 

1.5.3. O-methyltransferase from sorghum 

 

After cluster analysis, 12 O-methyltransferase-like sequences were identified in the root hair 

EST dataset. Quantitative real time RT-PCR conducted on the cDNAs prepared from total RNAs isolated 

from root hairs, root system and other tissues, revealed a preferential expression of three OMT-like 

sequences, referred to as SbOMT1, SbOMT2 and SbOMT3, with the highest amount of transcripts 

found in root hairs (Baerson et al., 2008a). Sequence and structural analysis of the deduced amino 

acid sequences highlighted a significant sequence similarity with previously characterised plant OMTs, 

in particular in the residues and motifs associated with the catalysis, substrate orientation and 

cofactor binding (Zubieta et al., 2001). Functional characterization of the recombinant SbOMT1, 

SbOMT2 and SbOMT3 was performed using several benzene derivatives and a series of 5-n-

alkylresorcinols, including the proposed sorgoleone intermediate 5-n-pentadecatrienyl resorcinol 

(Baerson et al., 2008a). SbOMT1 preferred substrate was eugenol, but significant activity was also 

recorded with the monomethyl ether orcinol and resorcinol. SbOMT1 was classified as a eugenol OMT 

(EOMT), functionally related to the previously characterized enzymes isolated from sweet basil (Gang 

et al., 2002) and Clarkia breweri (Wang et al., 1997). Recombinant SbOMT2 showed no activity against 

any of the substrates provided, probably due to a lack of functionality of the encoded protein. In 

contrast, SbOMT3 exhibited some degrees of promiscuity as activity occurred with all the substrates 

analysed. A preference was observed for alkylresorcinolic compounds containing from 4 to 7 carbons 
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in the alkyl side chain, with highest activity detected for 5-hexyl-resorcinol (Baerson et al., 2008a). 

Phylogenetic analysis using putative and functionally characterized plant-specific type I OMTs and the 

peculiar substrate utilization, categorized SbOMT3 into a novel subclass of type I OMT. The substrate 

specificity was studied from a structural point of view by homology modelling and molecular docking. 

The structure of SbOMT3 was modelled using the crystallized protein of plant type I isoflavone-7-OMT 

(IOMT) from M.sativa (Zubieta et al., 2001), which revealed the highest identity score (37%). SbOMT3 

appeared to possess an N-terminal dimerization domain and a larger C-terminal domain containing 

the cofactor S-adenosylmethionine (SAM) and the substrate binding sites, as observed in other type I 

OMTs. The catalytic histidine His-279 as well as the binding motifs of the methyl donor SAM were 

extremely conserved, suggesting that SbOMT3 shares the same Sn2 catalytic mechanism for methyl 

transfer with previously characterised enzymes. The binding of the resorcinolic substrates occurred 

into a hydrophobic pocket able to accept the resorcinol ring and the aliphatic side chain. The 

orientation of the side chain of His-332 created a curved cavity particularly adapted to accommodate 

the 3D conformation of 5-pentadecatrienyl resorcinol (Baerson et al., 2008a).  

This study, in addition to the in silico preference for alkylresorcinolic compounds structurally 

related to the physiological substrate, argued in favour of the potential role for SbOMT3 in the 

sorgoleone biosynthetic pathway.  

 

 

1.5.4. Cytochrome P450 monooxygenases from sorghum 

 

The final step of the sorgoleone biosynthetic pathway considers the dihydroxylation of the 3-

methyl-5-pentadecatrienyl resorcinol intermediate mediated by cytochrome P450s enzymes  to 

produce dihydrosorgoleone, the reduced form of sorgoleone that undergoes oxidation upon 

rhizosecretion (Dayan et al., 2003a). Recently, the transcripts of the cytochrome P450 CYP71AM1 

were found to accumulate specifically in root hairs cells, and therefore the enzyme was considered to 

be involved in the sorgoleone biosynthesis (Pan et al., 2018). CYP71AM1 exhibited extensive similarity 

to functionally characterized plant P450 enzymes and appeared to belong to plant-specific CYP71 

family. Typical conserved elements were observed in the protein such as the O2 binding site, the 

proline-rich region, and the E-R-R triade located upstream of the heme-binding cysteine motif (Bak et 

al., 2011). In vivo enzymatic assay carried out in S. cerevisiae expression system indicated 

dihydroxylation activity of CYP71AM1. Two hydroxyl group were added to the ortho positions of the 

resorcinol ring of the provided substrate 3-methyl-5-pentadecatrienyl resorcinol; GC-MS analysis 

confirmed that the peak with retention time of 14.16 minutes and its ion fragmentation were 
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comparable with the chromatogram and the mass spectrum of the standard dihydrosorgoleone (Pan 

& Baerson, 2014; Pan et al., 2018). Whether the dihydroxylation occurs in a sequential manner or not, 

it has not been elucidated yet. In addition, molecular docking model with the proposed substrate 

indicated the accommodation of the molecule in the hydrophobic substrate-binding pocket and a 

possible interaction with the acidic residue Asp-311. Downregulation of CYP71AM1 via RNAi 

successfully reduced transcripts accumulation in S. bicolor transformants from 61 to 90%, and a 

consistent reduction in sorgoleone amount was recorded (Pan et al., 2018).  

 

 

1.6. Chemical synthetic route for sorgoleone production 

 

As mention before, sorgoleone biosynthesis is strongly dependent on root hair formation. 

Quantification of sorgoleone production is however difficult since it is strongly affected by chemical, 

biological, genetic and environmental conditions (Dayan, 2006). The exudation appeared to be a 

continuous process, as long as the droplets accumulating on the tip of root hairs are washed off, with 

an estimated concentration of 20-25 µg of exudate/mg root dry weight for sorghum cultivar SX17 

(Dayan et al., 2009b). The investigation of different growth conditions successful enhanced sorgoleone 

production in grain sorghum roots (cultivar Chalsusu). The combined treatment of sorghum seeds with 

auxins and Hoagland solution positively stimulated root growth and sorgoleone production. In 

particular, the application of 5 µg/ml of indole-3-butyric acid and half-strength Hoagland solution 

increased the production to a concentration of 84.6 µg/mg RDW of sorgoleone (Uddin et al., 2010a). 

The sorgoleone levels, although susceptible to modulation, are relatively low when looked in the optic 

of a large-scale production of the molecule as bioherbicide. Therefore, solvent extraction of the 

exudate from sorghum root hairs seems to be unfeasible for the large-scale agricultural weed control.  

Total chemical synthesis of sorgoleone was achieved the first time in 1990, with a process 

comprising 17 steps (Sargent et al., 1990). Few studies have been conducted on the synthesis of 

sorgoleone analogues with potential use as herbicides. Using 3,5-dimethozybenzylic alcohol as 

starting material, 2-acetoxy-5-methoxy-3-(pent-1-yl)-1,4-benzoquinone was chemically synthesised in 

seven steps. The synthesised acetoxyquinone showed inhibiting effect on the growth of tested plants, 

comparable to sorgoleone to some extent. However, the overall yield of the process was only 14.6%  

(Barbosa et al., 2001). Other aryl-substituted p-benzoquinones were also produced in yield ranging 

from 46 to 97%. All the synthesised compounds caused inhibition of the tested plants (Cucumis 

sativus, Sorghum bicolor, Euphorbia heterophylla, Ipomoea grandifolia) to some extent. The most 

active compound was 2-(4-formyl-2,5-dimethoxyphenyl)-5-[(tridecyloxy)methyl]-benzo-1,4-quinone 
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that proved to have a herbicidal activity superior than sorgoleone, displaying inhibitory effect on 

Sorghum bicolor itself (de Almeida Barbosa et al., 2006). However, very little is known about the 

effects of the above-mentioned compounds. 

A considerable step forward was achieved in 2012 with the description of a 5-step chemical 

route for the preparation of sorgoleone (Tverezovskiy et al., 2012). The starting material was cardol, 

a component of the cashew nut shell liquid (CNSL), the main by-product of the cashew industry. The 

method considered the use of the cardol mixture extracted from CNSL, which comprised cardol 

congeners with different degree of saturation of the alkyl side chain. Nevertheless, the harsh 

conditions and the toxicity of the reagents represented a serious constraint for the application of the 

above synthetic methods and, as a general consideration, of every chemical route. Moreover, the 

state of the art for chemical production of sorgoleone appeared to be unappealing in terms of yield, 

costs, time and waste production. 

 

 

1.7. Novel enzymatic route for sorgoleone production 

 

The adoption of biocatalysts is the primary strategy for the set-up of green and effective 

processes. In fact,  enzymes of microbial origin are extensively used in various application areas, 

comprising food, detergents and textile processing, synthesis of pharmaceutical and agrochemical 

molecules, pesticides and insecticides (Demain & Adrio, 2008; Gupta et al., 2002; Monsan & 

O’Donohue, 2010; Davis & Boyer, 2001; Koeller & Wong, 2001). As part of this PhD work, the 

enzymatic synthesis of sorgoleone has been proposed with the intent of replacing the existing 

chemical process (Fig. 1.7). The putative starting material is the above-mentioned cardol triene, 

constituent of the widely available natural feedstock CNSL. The route comprises two steps: the 

methylation of the 3’ hydroxyl group of cardol triene by a microbial S-adenosylmethionine dependent 

O-methyltransferase, followed by its dihydroxylation performed by cytochrome P-450 

monooxygenase, to produce dihydrosorgoleone. The benefits of the designed process are economic 

and environmental. The transformation of an abundant low-value chemical into a high-value 

compound is possibly the ambition of every biotransformation process. The use of enzymes in 

biotransformation represents an evident greener alternative to toxic chemicals. Furthermore, 

microbial enzymes are relatively cheap to produce and they offer a number of advantages in terms of 

product titre, energy demand, substrate specificity, and fine-tuning possibilities. A number of 

biocatalytic routes have been already developed that revealed great advantages over the traditional 

chemical pathways (Bornscheuer et al., 2012).  
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Fig. 1.7 Proposed biosynthetic pathway for sorgoleone synthesis. In the first step, the substrate cardol triene (5-

pentadecatrienyl resorcinol) is converted to monomethoxycardol triene (5-pentadecatrienyl resorcinol-3-

methyl ether) by an O-methyltransferase. S-adenosylmethionine (SAM) is used as methyl donor and S-

adenosylhomocysteine (SAH) is released. In the second step, monomethoxycardol triene is dihydroxylated to 

dihydrosorgoleone by cyt-P450 monooxygenases. The product of the reaction auto-oxidases to sorgoleone. 

 

 

 

1.8. Cashew Nut Shell Liquid as a potential feedstock for sorgoleone production 

 

Cashew tree (Anacardium occidentale L.) is a native plant of Brazil and a representative of the 

Anacardiaceae family. Nowadays, the cashew tree is cultivated in many countries around the world, 

especially in tropical and subtropical regions.  The cashew tree is mainly cultivated for its cashew 

apple, a pseudocarp used for production of beverages and food, and for the nut, which is the primary 

commercial product of cashew plantation (Duarte & Paull, 2015). The global annual production of 

cashew nut (with shell) consistently increased more than 370% in the past 25 years, rising from 

1,004,017 tonnes in 1991 to 3,713,467 in 2014 (FAOSTAT, 2017). Considering a period of 10 years, 

from 2004 to 2014, the top 6 producers of cashew nut were Vietnam, Nigeria, India, Côte d'Ivoire, 

Brazil, and Indonesia, responsible for 80% of the global production of 41,393,467 tonnes (FAOSTAT, 

2017). The cashew nut is covered by a hard shell which is filled with cashew nut shell liquid (CNSL), a 
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dark oily substance obtained as a by-product during the processing of the nuts. CNSL represents 

approximately 30-35% of the nut shell weight (Mazzetto et al., 2009), and it is composed by a mixture 

of different non-isoprenoid phenolic lipids.  

 

 

 

 

Fig. 1.8 Main constituents of Cashew Nut Shell Liquid.  

 

 

CNSL contains four major components: 6-pentadecenyl salicylic acid (anacardic acid), 3-

pentadecenyl phenol (cardanol), 5-pentadecenyl resorcinol (cardol) and 2-methyl-5-pentadecenyl 

resorcinol (2-methyl cardol) (Fig 1.8). Each of the constituents occurs as four meta-alkyl phenols 

(Tyman, 1996) differing in the degree of saturation in the side chain: 3-pentadecyl, 3-8Z-pentadecenyl, 

3-8Z,11Z-pentadecadienyl, and 3-8Z,11Z,14-pentadecatrienyl. Differences in relative abundance of 

the components were observed according to the geographical origin of the cashew, plant age, and 

other extraction parameters (Tyman et al., 1981; Yuliana et al., 2012). The chemical composition of 

CNSL is greatly affected by the extraction method applied. The extraction processes can be classified 

into those that involve heating and those that are done in cold or room temperature. The solvent 

extraction and pressing methods are carried out at cold/room temperature producing natural CNSL; 

its typical composition comprises anacardic acid (60-70%), cardol (10-20%), cardanol (3-10%), and 2-

methylcardol (2-5%). Technical CNSL (tCNSL) instead is the result of the roasting process of the nut 

shells at high temperatures (180-200 °C), which promotes the decarboxylation of anacardic acid into 

cardanol; as a result, tCNSL contains mainly cardanol (60-70%), cardol (10-20%), polymeric material 

(5-10%), and other minor constituents (Kumar et al., 2002).  

The industrial applications of CNSL are numerous and include the manufacture of polymers 

and resins (such as polyurethanes, acrylics, polyesters, phenolic resins) (Balgude & Sabnis, 2014; 

Bhunia et al., 1999), specialty coatings, anticorrosive paints, and flame retardants (Menon et al., 1985; 
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Lubi & Thachil, 2000). CNSL is also useful in fuel blends and mixtures and for producing diesel oil 

(Vijayakumar et al., 2016; Pushparaj & Ramabalan, 2013). The biological activity of its components has 

been explored and they have been reported to have antimicrobial (Kubo et al., 1993a; Parasa et al., 

2011), larvicidal (Lomonaco et al., 2009), antioxidant (Trevisan et al., 2006; Oliveira et al., 2011), 

antifungal (Kannan et al., 2009), and anti-tumour activity (Kubo et al., 1993b). Cardol triene was found 

to be an irreversible inhibitor of mushroom tyrosinase for the oxidation of L-DOPA in a dose-

dependent manner (Zhuang et al., 2010). A number of applications of cardanol derived polymers has 

been described in literature (Calo et al., 2007; Pillai, 2010; Lubi & Thachil, 2000). Cardanol and cardol 

are considered very attractive molecule due to their structural features, which make them acceptable 

precursors for multiple chemical modifications. The long aliphatic chain containing up to three double 

bonds increases the hydrophobicity and the boiling point of the compounds, allowing several 

conversions via isomerization (Mgaya et al., 2015), polymerization (Kanehashi et al., 2013), metathesis 

(Julis et al., 2014), and carbonylation reactions (Mgaya et al., 2016). The reactive sites of the phenolic 

and the hydroxyl groups allow a series of additional modifications (Shukla & Srivastava, 2014).  

Toxicity of CNSL was reported in different studies. CNLS was documented as responsible of 

contact dermatitis, eczematous dermatitis and vesicant reactions (Diogenes et al., 2005; Marks et al., 

1984; Hirao et al., 2008), and weak promoter of carcinogenesis (George & Kuttan, 1997). Wastewater 

and effluents from the cashew industry showed toxic effects in Artemia bioassays. In general, the 

toxicity of CNSL could be ascribed to the high content in phenolic compounds (Pimentel et al., 2009; 

Leite et al., 2015). Modification of the composition of microbial communities after CNSL amendment 

was reported and putative CNSL-degrading microorganisms were identified (Sabna Prabha et al., 2011; 

Sindhu & Potty, 2015, 2016). Efficient treatment strategies are needed in order to reduce the 

environmental impact of the cashew industry. 

Different methods have been reported in literature for the isolation of cardanol and cardol 

from CNSL. The distillation under reduced pressure was one of the first method described but still in 

use (Harvey, 1937; Sanjeeva et al., 2014). Other methods involve column chromatography, solvent 

extraction, and supercritical carbon dioxide (Kumar et al., 2002; Marriott & Gould, 2013). The 

development of simple and cost-effective methods for the isolation and purification of the 

constituents is crucial for their use in industrial applications. 
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1.9. Enzyme discovery from metagenomes 

 

Frequently, the catalyst of choice for a designed reaction is already present in nature and its 

discovery through screening methods is faster and more efficient than engineering mediocre enzymes.  

In this context, the establishment of the sorgoleone enzymatic process relies upon finding and 

optimizing suitable enzymes. Microbes represent the most diverse and abundant group of living 

organisms and an exceptional resource of biocatalysts. The extreme diversity of microbial protein-

encoded functions represents an appealing reservoir for novel biocatalysts for industrial exploitation. 

Metagenomics, as a culture-independent approach, makes accessible in principle the entire genetic 

fraction of a microbial community extracted directly from environmental samples. The possibilities 

offered by metagenomics allow us to explore the great microbial enzymatic diversity, identifying 

candidate catalysts required by the market. Currently, metagenomic libraries are established from a 

variety of habitats and a number of new enzymatic activities have been isolated and biochemically 

characterised (Ferrer et al., 2016). Metagenomic techniques for the screening of microbial enzyme 

diversity are comprehensively reviewed in the following chapter (see Chapter II).  

 

 

1.10. Aims and objectives of the project 

 

The work conducted for the fulfilment of this thesis was partially performed in conjunction 

with the Innovate UK-funded project “Biotechnology for anti-weeds”. It involved the collaboration 

with a team in the BioComposites Centre of Bangor University (UK), the industrial partners Almac 

Group (Craigavon, UK) and Hockley International (Manchester, UK). The overall aim of this PhD project 

was to identify and characterise through metagenomics approach novel biocatalysts of industrial 

interest that can constitute new enzyme-based “greener” processes. 

The main hypotheses of the study were: 

 The microorganisms from Sorghum bicolor rhizosphere, or/and soil microorganisms exposed 

to sorghum exudate and to sorgoleone-like compounds do possess an enzymatic arsenal 

which can be useful for modification of sorgoleone precursors and/or synthesis of sorgoleone.  

 CNSL-, or other oleophilic compounds, exposed soil microbiome is enriched in microorganisms 

with hydrolytic enzymes of industrial interest, inter alia, in lipases and esterases. 
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To validate these, both sequence- and function-based metagenomic approaches were applied 

to identify enzymes of interest, which were cloned, expressed, characterised, and assessed for their 

applicability in potential applications. 

The project was structured as follow: 

 Enrichment of the soil bacterial community of S. bicolor in microcosm environment with CNSL, 

extraction of the environmental DNA and establishment of metagenomic libraries. 

 Shotgun metagenome sequencing and analysis of abundance of relevant groups of enzymes, 

taxonomic and functional study of the changes in the soil microbial community structure in 

response to CNSL enrichment. 

 Investigation into the possibility of the enzymatic synthesis of the bioherbicide sorgoleone:  

efforts towards the identification of SAM-O-methyltransferases capable of methylating 

selectively the resorcinolic compound cardol triene into the sorgoleone precursor. 

Biochemical characterization and optimization of the enzymatic reaction and evaluation of the 

feasibility of an industrial application. 

 Screening of metagenomic libraries for novel industrially relevant enzymes (lipolytic activities) 

and their biochemical characterization. 

The project allowed the investigation into the possibility of an eco-friendly, scalable and 

economic enzymatic synthesis of the bioherbicide sorgoleone. Inherent environmental and economic 

advantages would result from the establishment of an efficient synthetic process alternative to toxic 

chemicals, allowing the transformation of a low value chemical into a high-value material. 

Additionally, metagenomic screening allowed the discovery of new very active esterases that could 

outperform best industrial counterparts. 
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CHAPTER II 

Metagenomic Mining of Enzyme Diversity1 

 

Abstract 

In the present there is a great necessity of suitable biocatalysts with high process performance, as a 

“greener” complementary alternative to the chemical synthesis. It is expected that in the coming 

decade, up to 40% of bulk chemical synthesis processes could be substituted by enzymatic catalysis. 

The identification and optimization of an appropriate enzyme represent important requirements to 

obtain a successful and efficient enzymatic process. In this context, the establishment of enzymatic 

processes in the industry is mainly a problem of finding and optimizing new enzymes. In this sense, 

Nature is the richest reservoir from which enzymes can be isolated because they are continuously 

changing and evolving as a consequence of natural processes of selection. We are now taking 

advantages of sequencing and extensive screening technologies to develop enzyme discovery 

strategies and to identify microbial enzymes with improved and unusual activities and specificities. 

These approaches, in combination with modern protein engineering methods and distinct 

combinatorial and rational methods, will increase our chances to generate new stabilized biocatalysts 

that fit industrial requirements. Here, we review the methodologies, obstacles and solving problems 

around metagenomics investigations to screen for enzymes with activities of interest. 

 

2.1. Introduction 

 

Microbes represent the most diverse and abundant group of organisms on Earth, making up 

to 60% of the total biomass of all living organisms. They dominate all ecosystems from soils and oceans 

to the habitats most hostile to life, such as polar environments or acidic streamers. They play a crucial 

role in biogeochemical cycling of all chemical elements, are responsible for a primary production and 

environmental cleanup (Phale et al., 2007). In human bodies, it has been estimated that there are 10 

times more microbial cells than human cells (Curtis & Sloan, 2005; Turnbaugh et al., 2007), which 

collectively points at the necessity of understanding the microbial community structure and diversity 

                                                           
1 Distaso M.A., Tran H., Ferrer M., Golyshin P.N. (2017) Metagenomic Mining of Enzyme Diversity. In: Lee S. 
(eds) Consequences of Microbial Interactions with Hydrocarbons, Oils, and Lipids: Production of Fuels and 
Chemicals. Handbook of Hydrocarbon and Lipid Microbiology. Springer, Cham 
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for health and disease, microbe-host interactions, processes dynamics at small-to-global scales, and 

ultimately for understanding the evolution of life on Earth.  

In the modern industrial era, microbes are exploited as a rich source of valuable industrial 

products with applications across all major areas. Microbial secondary metabolites are extremely 

important to our health and nutrition. For example, microbial products are used as antibiotics, anti-

tumour agents and immunosuppressants in the pharmaceutical industry, and as biopesticides, anti-

parasite agents and food-processing agents in the agricultural sector (Demain & Adrio, 2008). Just as 

an example, there are at least about 17000 bioactive natural products with antibiotic properties found 

in Bacteria, 8700 natural antibiotics in Actinomycetales and 4,900 in Fungi (Bérdy, 2005). Similarly, 

microbial products are widely used by the chemical industry for the production of amino acids, 

vitamins, organic acids, detergents, bio-catalysts and bioconversion agents, and by environmental 

industries for bio-remediation and the production of bioenergy.   

The preference for the microbial production of a variety of compounds that can otherwise be 

isolated from plants or chemically synthesized, is due to:  (1) the wide range of reactions that 

microorganisms are capable of perform; (2) their ability to adapt to different environmental settings 

and thus the possibility to produce them in inexpensive media; (3) easiness to genetically manipulate 

them for increased production; (4) the intrinsic great diversity, which leads different species to 

produce enzymes catalysing the same reactions, but with a rich flexibility with respect to catalytic 

efficiency and stability to different physical and chemical conditions (Demain & Adrio, 2008).  

Enzymes of microbial origin are an exceptional natural resource of powerful biocatalysts 

capable of performing a wide range of reactions and accepting an extensive collection of complex 

molecules as substrates. In fact, from the wide range of sources of commercial enzymes used 

industrially, 88% are from microorganisms and the remaining are divided between animal (8%) and 

plant (4%) sources (Gurung et al., 2013). Currently there is a great demand for suitable enzymatic 

biocatalysts with high process performances to use as a greener alternative to chemical synthesis 

(Davis & Boyer, 2001; Koeller & Wong, 2001). 

Due to the enormous natural diversity of the microbial community, which suggests a world of 

possibilities in terms of new catalytic activities, it is of a high interest to assess new natural 

environments for the isolation and characterization of novel enzymes. We have so far explored only a 

small fraction of this enormous diversity. Although prokaryotes cover the largest fraction of individual 

living organisms, with an estimated amount of 103-105 microbial species in just 1 g of soil (Schloss & 

Handelsman, 2006), almost 99% of bacteria are recalcitrant to culturing. This technical limitation has 

over the years stimulated the development of new culture-independent tools to disclose and 

characterize microbial genomes. However, to date, only about 11000 Bacteria and Archaea species 
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have been classified, and each year, at least 600 new species are described (Kyrpides et al., 2014; Yarza 

et al., 2014). Metagenomics represents a powerful approach for accessing and examining the 

biological and molecular diversity existing in different natural environments. Metagenomics is 

currently thought to be one of the likely technologies to provide the candidate molecules required by 

the market (Ferrer et al., 2016). 

In this chapter, we focus on the importance and the possible application of metagenomic 

studies, and we review the methodologies for the sequence homology and functional screening of 

libraries to discover and characterise new enzymes with activities of interest. 

 

 

2.2. An industrial perspective 

 

The market of enzymes is distributed over various application areas, comprising food (45%), 

detergents (34%), textile processing (11%), leather (3%) and pulp and paper (1.2%) (Demain & Adrio, 

2008). Their versatility allows their use in many processes, such as the degradation of natural polymers 

including cellulose and proteins, as well as in fine chemical industry for the regioselective or 

enantioselective synthesis of pharmaceuticals and agrochemicals molecules (Nguyen et al., 2008; 

Gupta et al., 2002; Monsan & O’Donohue, 2010). Enzymes can also offer an efficient strategy in the 

field of bioremediation by the degradation of polluting chemicals (Phale et al., 2007). For this reason, 

the annual demand for enzymes, which currently is growing almost 7% per year, is expected to be 

close to 10% in 2030. At present, “white” and “red” biotechnological sectors are facing an important 

request for new enzymes and metabolites. The ideal biocatalyst for any industrial application needs 

to function sufficiently well according to several performance parameters (Table 2.1).  
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Table 2.1. Set of criteria used to evaluate enzyme candidates from an industrial point of view. Most promising 

candidate enzymes can be selected for further process development (Lorenz & Eck, 2005). 

Activity 

pH profile 

Temperature profile 

Specific activity (U/mg) 

Turnover frequency (kcat) 

Efficiency 

Space-time yield 

Product inhibition 

Byproduct/ingredient inhibition 

Producibility/expression yield 

Stability 

Temperature stability 

pH stability 

Ingredient/byproduct stability 

Solvent stability 

Specificity 

Substrate range 

Substrate specificity (KM, kcat/KM) 

Substrate regioselectivity and enantioselectivity 

Substrate conversion (%) 

 

 

Food and beverage enzymes constitute the largest segment of industrial enzymes. Next in the 

list are lipases, valuable enzymes utilised in the digestion and processing of dietary lipids (e.g., 

triglycerides, fats, oils). Largely diversified in their enzymatic properties and substrate specificity, 

microbial lipases are more stable than animal or plant lipases. Moreover, lipases are widely used in a 

variety of other applications such as baking, detergents or in the conversion of vegetable oil into fuel 

(Guo & Xu, 2005; Gupta et al., 2004). A common industrial implementation of enzymes is their use in 

as detergent additives. A suitable enzyme must be active under alkalophilic and thermophilic 

conditions. Proteases, along with amylases, oxidases, peroxidases and cellulases are commonly used 

in detergents, enhancing the ability to remove tough stains and to make detergents eco-friendly 

(Mitidieri et al., 2006; Adrio & Demain, 2014). In the starch industry, thermostable amylases are used 

for the enzymatic hydrolysis of starch into glucose, fructose or maltose (Gomes et al., 2003). Other 
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relevant applications of amylases comprise food industry (baking, brewing, fruit juices), paper industry 

(α-amylases for the modification of starch of coated paper), textiles, and fuel ethanol from starches 

(Gurung et al., 2013). In the textile industry, enzymes play an important role in the development of  

cleaner processes and in reducing the use of raw material and production of waste; for example, 

cellulases for denim finishing and laccases for decolorization of textile effluents and bleaching (Araújo 

et al., 2008). 

The replacement of existing chemical processes with enzymatic routes becomes a successful 

application when it contributes to an overall cost reduction, with an increased product titre, lower 

energy demand, lower volumes of wastewater streams and amount of byproducts. A number of 

biocatalytic routes have been fine-tuned for pharmaceutical manufacturing, showing pre-eminence 

above the traditional chemical pathways (Bornscheuer et al., 2012). The market of antibiotics, e.g. 

semi-synthetic penicillins and cephalosporins, is ruled by enzymatic processes. Another important 

application in biocatalysis is the generation of enantiomerically pure intermediates, especially when 

just one of the two isomers of a compound shows the desired activity; in this context, esterases, 

lipases, proteases are widely applied in the preparation of chiral compounds (Demain & Adrio, 2008). 

Most screening requests at the industrial scale for chemical synthesis address aldo-keto reductases, 

followed by transaminases and lipases (Ferrer et al., 2015). 

Designing a process to fit a common/mediocre enzyme can be expensive and not profitable; 

on the contrary, it is reasonable to find a more efficient suitable natural enzyme, by the production of 

pre-characterized enzyme libraries using generic substrates. Once interesting enzymes or metabolites 

are found, they can be used as backbone for enzyme engineering to supply a biocatalyst able to 

optimally match process requirements. Scale-up and process optimization should lead to a viable 

industrial application. 

 

2.2.1. Mining biocatalysts from extreme environments 

Extreme environments provide a great source of microbes (extremophiles) adapted to a wide 

range of extreme conditions, both physical such as temperature (-2 to 110 °C), pressure or radiation, 

and geochemical such as salinity (2-5M NaCl) and extreme pH values (<2 and >9). Corresponding 

microbes  have been isolated from samples collected in hot springs, near volcanoes, in the deep sea, 

in the Arctic and Antarctic ice, in deserts and arid areas, and in other extreme locations (Wilson et al., 

2009). The ability of these microorganisms to survive under extreme conditions strictly depend on 

peculiar enzymes that not only support microbial growth but also can constitute robust biocatalysts 

exhibiting enhanced features merging the industrial requirements for a variety of applications (Van 

den Burg, 2003; Ferrer et al., 2005a; Herbert, 1992).  
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Thermophilic and hyperthermophilic enzymes are stable and active at high temperatures 

(Vieille & Zeikus, 2001; Hough & Danson, 1999) and are therefore of biotechnological interest thanks 

to their adaptability to harsh industrial reaction conditions. The conveniences of conducting reactions 

at high temperature are well known and include an increased solubility of polymeric substrates, 

increased bioavailability, faster reaction rates, the decreased risk of contamination and the cost saving 

due to the unnecessary cooling system. Extreme thermophiles, growing optimally at 60–80 °C, are 

widely distributed among the genera Bacillus, Clostridium, Thermoanaerobacter, Thermus, 

Fervidobacterium, Rhodothermus, Thermotoga and Aquifex. Most of hyperthermophiles (with a 

growth optimum of 80-110 °C) belong to the archaea, for example Sulfolobus, Pyrolobus, Thermofilum 

for the Crenarchaeota phylum, Thermococcus, Pyrococcus, Thermoplasma for the Euryarchaeota 

(Gomes and Steiner 2004). Thermophilic proteases, lipases, cellulases and amylases are being 

identified by screening metagenomic libraries and used in many different industrial application: 

detergent, food, starch, textile, pulp and paper industries are the major users (Cherry & Fidantsef, 

2003; Atomi et al., 2011; Kumar et al., 2011; de Carvalho, 2011). The thermostable DNA polymerase 

is the most successful application of a product extracted from an extremophile, Thermus aquaticus, 

which was found in the Lower Geyser Basin of Yellowstone National Park, USA (Saiki et al., 1988).    

High temperatures and alkaline media usually denote processes in the paper and pulp 

industry, and the identification of thermostable and alkali stable enzymes represents a major 

biotechnological goal in this field (Kumar et al., 2016). Cellulases and xylanases are used as bio-

bleaching agents with economic and environmental advantages over chemical alternatives; moreover, 

they have biotechnological relevance in a number of other fields, including food, textile industries, as 

well as for saccharification of pre-treated lignocellulosic biomass for the production of biofuels (Hess, 

2008).  

Enzymes from halophiles are able to deal with high concentration of salts (up to 4 M KCl and 

over 5 M NaCl) (Hough & Danson, 1999). Proteins from halophilic organisms, with an excess of 

negatively charged amino acid residues on their surface, remain stable and active at high ionic strength 

(Madern et al., 2000). The property of low solubility of halophilic enzymes has been exploited by 

applying them in organic solvents and non-aqueous media (Klibanov, 2001). The production of 

halophilic enzymes, such as xylanases, amylases, proteases and lipases, has been reported for some 

halophiles belonging to the genera Acinetobacter, Haloferax, Halobacterium, Halorhabdus, 

Marinococcus, Micrococcus, Natronococcus, Bacillus, Halobacillus and Halothermothrix (Gomes & 

Steiner, 2004). 

Microorganisms that can survive under extreme pH values could be good sources of 

thermoalkaliphilic or acidophilic enzymes (Golyshina et al., 2016; Méndez-García et al., 2015). 
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Proteases, lipases, cellulases, peroxidase or oxidoreductases, are used as additives in detergents, bio-

bleaching of pulp and paper, or in the clean-up of effluent streams of the textile processing industry 

(Adrio & Demain, 2014; Gomes & Steiner, 2004). 

The complexity in the cultivation of extremophiles, because of the longer generation times, 

lower biomass yields and strict cultivation conditions than mesophilic microorganisms, requires 

different strategies to overcome the problems (Schiraldi & De Rosa, 2002). Metagenomic approaches 

allow the screening of enzymes from environmental gene pools by cloning their sequences into 

suitable hosts such as E. coli or P. pastoris without the need to cultivate the original strains (Ferrer et 

al., 2005c).  

 

2.3. Metagenomics and its approaches  

 

Metagenomics is a powerful approach to unravel the biodiversity of microorganisms and 

activities, regardless of whether or not they can be cultured in laboratory. All metagenomic studies 

start with the isolation of genomic DNA from an environmental sample, bypassing the need for 

culturing the organisms that may serve as a source for enzymes. The following step is usually the 

construction of clone libraries, through the cloning of the environmental DNA into a suitable vector, 

transforming the cloned DNA into a host organisms (typically E. coli) and subsequent analysis of the 

DNA using both bioinformatics and experimental methods (Handelsman, 2004). Nowadays though, 

the environmental DNA is directly subjected to the de novo sequencing and data analysis, bypassing 

the intermediate (and obsolete) cloning step.  The discovery of enzymes in metagenomes can be 

conducted using two different approaches. First, sequence-based metagenomic approaches that look 

for enzymes homologous to known biocatalysts in the (meta)genomic data and may include PCR-

based methods that use primers designed according to conserved regions of known enzymes. Second, 

functional metagenomics approaches, where metagenomic libraries are established and clones 

screened with enzyme substrates (Lam et al., 2015; Sabree et al., 2009) (Fig. 2.1)  
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Fig. 2.1. A simplified scheme of metagenomic enzyme discovery pipeline, which highlights the difference in 

sequence- and function-based approaches.  

 

The latter approach allows the discovery of genuinely novel enzymes, since bioinformatics 

analyses are homology-based and thus may only identify enzymes that are similar to characterised 

counterparts. Recently, the data on the discovery of new enzymes using metagenomic platforms has 

been reviewed for a period since 1998 (Ferrer et al., 2016). During that period, genetic materials from 

microbial communities from approximately 2200 sites around the world, with an emphasis on 

microbes from extreme habitats, have been examined. Environments of every kind have been 

included such as terrestrial (soil, plant rhizosphere) and marine habitats (superficial and deep 

seawater, hydrothermal vents), alkaline lakes, acid mine drainage systems, eukaryotes-associated 

microbiomes (rumen, gut). However, only a small fraction of the sites (11.6%) have been subjected to 

enzyme discovery studies with only seven thousand enzymes or clones containing enzymatic activities 

of interest for the industry identified and characterized (Ferrer et al., 2015, 2016), although in most 

cases rather superficially. This underlines that in spite of a number of success stories the biosphere is 

undersampled.  

 

2.3.1. Screening Methods 

 

2.3.1.1. Sequence-based Enzyme Discovery 

Sequence-based (homology-driven, or “genome gazing”) screening is based on the search for 

genes predicted to code for particular enzyme classes. This approach involves the design of PCR 
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primers or hybridization of probes on conserved regions and motifs of known protein families, and 

subsequent sequencing and comparison with homologous known enzymes (Ferrer et al., 2009). The 

approach is therefore only suitable to the discovery of members belonging to known gene families, 

since it completely relies on the available genome annotations. A large proportion of the open reading 

frames of newly-sequenced genomes have little sequence homology with known enzymes and this 

prevents the discovery of new protein classes with sequence elements that differ from the conserved 

sequences of the primers (Harrington et al., 2007) 

The anchor used for the amplification or hybridization can be a 16S rRNA gene for a quick 

analysis providing a snap-shot of the diversity within the community (Béjà et al., 2000), but can also 

be a gene encoding an enzyme of interest. Sequence-based approached have led to the identification 

of genes encoding enzymes, such as lipases (Bell et al., 2002),  glycerol dehydratases (Knietsch et al., 

2003), chitinases (Hjort et al., 2010), nitrilases (Gong et al., 2013), and esterases (Ferrer et al., 2015).  

Moreover, the advent of Next-Generation Sequencing platforms had a great impact. 

Nowadays we can analyse a huge set of sequence data, and many screening projects bypass the 

cloning step in favour of direct sequencing of the extracted environmental DNA. The analysis of the 

resulting large datasets allows the exploration of the taxonomic and functional biodiversity and of the 

system biology of diverse ecosystems. On the other hand, the fast increase of sequences deposited in 

public databases was not followed by accurate expetimental characterization, therefore the majority 

of the genes have been poorly or mis-annotated, and the encoded proteins labelled as hypothetical 

or protein of unknown functions (Schnoes et al., 2009; Fernández-Arrojo et al., 2010). A further 

disadvantage for the homology-based approach is that its efficiency is based on the quality and 

completeness of genome annotations in current databases (Hallin et al., 2008). Additionally, many of 

the identified sequences did not correspond to full-length proteins due to low sequence coverage.  

Homology-based approaches mainly suffer from the long computation time required to 

search for homologs for each of the sequences within the typically massive metagenomic data sets. 

Recently, web-based metagenomic annotation platforms, such as the metagenomics RAST (MG-RAST) 

server, the IMG/M server, or JCVI Metagenomics Reports (METAREP) have been designed to analyse 

metagenomic data sets. The uploaded environmental data sets can be compared vs both protein and 

nucleotide databases. In this way, multiple metagenomic data sets derived from various environments 

can be compared at various functional and taxonomic levels (Meyer et al., 2008; Goll et al., 2010). 
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2.3.1.2. Function-based Enzyme Discovery 

Unfortunately, the generation of vast metagenome sequencing data is not followed, 

proportionately, by the discovery of new activities or functional characterization of proteins. Fewer 

than 2 out of 10,000 hits have led to the discovery of industrially relevant biocatalyst (Lorenz & Eck, 

2005). Activity-based metagenomics provides an opportunity to circumvent this limitation. The 

functional approach is not dependent on previous genomic knowledge and allows for discovery of 

novel enzymes with unexpected peptide sequences with classical or new activities that would not be 

predicted based on DNA sequence alone. Thus, functional metagenomics complements sequence-

based metagenomics, adding functional information or correcting incorrect functional assignments to 

nucleic acid and protein databases. 

Function-driven screens usually begins with the construction of genomic expression libraries 

and the use of three different strategies for identifying clones of interest: direct phenotype detection 

using a specific colorimetric or fluorimetric substrate (Handelsman, 2004), heterologous 

complementation of host strains (Mirete et al., 2007; Kazimierczak et al., 2009), and detection 

following induction of biosensors or reporter gene expression (Uchiyama et al., 2005). The probability 

(hit rate) of identifying a certain gene depends on multiple factors that are intricately linked to each 

other: the DNA extraction method, the host-vector system, the size of the target gene, its abundance 

in the source metagenome, the assay method, and the efficiency of heterologous gene expression in 

a surrogate host. 

 

2.3.1.3. Cloning vectors/vehicles and library construction 

DNA is first harvested from environmental samples, then size-selected, end-repaired and 

ligated to a vector, allowing packaging by lambda phage for subsequent infection of E. coli. According 

to the primary goal, small or large-insert libraries can be preferred, each of them offering particular 

advantages and disadvantages. 

To obtain a function encoded by a single gene, small insert expression libraries can be built by 

cloning small-sized fragments (<10 kb, equivalent to 4-8 genes) into standard cloning vectors (e.g., 

pUC derivatives, pTOPO-XL, pBluescript SK+ and pCF430) or lambda phage vectors (Sabree et al., 2009). 

Therefore, most genes are present in the appropriate orientation and under the influence of strong 

vector promoters, and thus they have a good chance of being expressed and detected by activity 

screens (Ferrer et al., 2009). Moreover, due to the lysis of E. coli cells at the end of the phage infection 

cycle, translated proteins are released to the extracellular matrix, which means an earlier detection of 

the screened activity and a negligible impact of the toxic effects associated with the expression of 
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lethal genes. The clear disadvantage of above plasmid vectors is in their high (up to 700) copy numbers 

per cell, which may facilitate a leaky expression of some genes that are incompatible with the host 

wellbeing.  

On the other hand, to obtain targets encoded by multiple genes, large fragments must be 

cloned into fosmids, cosmids, or bacterial artificial chromosomes (BACs), which can harbour fragments 

up to 300 kbp. The commercially available pCC1FOS vector has become a frequently used tool for 

cloning large DNA fragments (ca. 40 kbp) from various microbial communities. One of the advantages 

of using pCC1FOS vector, when transformed into the appropriate host (e.g. E. coli Epi300), is that there 

is a  possibility to induce its copy number, which allows a higher gene dosage and eventually a better 

expression than from a single-copy uninduced vector (Wild et al., 2002). Multicloning sites also allow 

the Sanger sequencing of termini of cloned fragments and reveal important information about the 

native metabolic role of the enzyme in question or can help to identify the source organism  of the 

DNA fragment (Popovic et al., 2015). 

Enzyme activities are usually assayed on agar plates supplemented with enzyme substrates. 

By cultivating a metagenomic library on the plates, one can identify positive clones through visual 

screening for the appearance of a clear zone (halo) or colour. Thousands of clones can be analysed in 

a single screen, with the potential to identify novel classes of proteins with known or unknown 

functions. Agar plate-based screening has been successfully applied to screen different metagenomic 

gene libraries to mine industrially useful enzymes such as lipases, esterases, cellulases, proteases, 

laccases and other activities (Ferrer et al., 2009, 2010; Placido et al., 2015; Tchigvintsev et al., 2015).  

The hydrolysis of emulsified triacylglycerols, such as tributyrin, triolein and olive oil is generally 

applied to assess lipase activity, while soluble short-chain fatty acid esters are applied to study 

esterase activity (Placido et al., 2015). Seven lipase-producing thermophilic bacteria were identified 

from a Malaysian hot spring streaking the cultures on an agar plate containing olive oil, showing 

lipolytic activity up to 4.58 U/ml for the catalyst extracted from Bacillus (Sheikh Abdul Hamid et al., 

2003).  

The diversity of rumen hydrolytic enzymes was for the first time investigated by screening a 

metagenomic phage library of the rumen content of a dairy cow for hydrolase activity (Ferrer et al., 

2005b). A total of 22 clones with hydrolytic activities were identified (12 esterases, 9 endo-β-1,4-

glucanases and one cyclodextrinase) and characterized, among them eight were entirely new, showing 

no sequence similarity to enzymes deposited in public databases. 

If the target activities can be linked to the survivability of the host organism, which requires 

the addressed gene to grow under selective conditions, the screen becomes highly sensitive and high 

throughput. This method is applied frequently to screen for resistance genes to toxic compounds, such 
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as antibiotics or heavy metals. The approach has been successful applied in the detection of enzymes 

such as racemases (Chen et al., 2010), DNA polymerases (Simon et al., 2009) and β-lactamases. For 

example, 5.4 Gbp of soil DNA led to the identification of nine unique clones containing resistance to 

aminoglycosidase antibiotics and one clone expressing resistance to tetracycline (Riesenfeld et al., 

2004). 

A functional study conducted on 12 marine environments that included extreme anoxic deep 

sea sites (deep hypersaline anoxic basins Urania, Kryos, and Medee in the Eastern Mediterranean Sea, 

and epibionts of the gut and gill of the deep sea shrimp  Rimicaris), extremely low pH sites (Vulcano 

Island hydrotherms) and regions characterized by heavy industrialization and oil contamination 

(seawater of Messina harbour, Milazzo and  Priolo refineries (Sicily), MT Haven shipwreck (near Genoa, 

Italy),  superficial petroleum-polluted seawater near Kolguev Island and Port of Murmansk (Russia)), 

have yielded to the identification of several putative enzymes (Popovic et al., 2015). The frequency of 

positive hits was of 1 per 9 Mbp of screened DNA for esterase/lipase, 1 hit per 28.4 Mbp for glycosyl 

hydrolases and per 23.9 Mbp for dehalogenase screens (Popovic et al., 2015). Among identified 

biocatalysts, several esterases belonged to uncharacterized families or to proteins annotated to have 

alternate functions, proving the unique advantage of the functional screen over the sequence-based 

one.  

 

2.4. Limitation in the metagenomic enzyme discovery process 

 

2.4.1. Coverage, representation and need for enrichment 

Some bottlenecks in the metagenomic enzyme discovery process lower the transition from 

the discovery stage of an enzyme to its application. The library representativeness of the diversity 

present in the original environmental DNA is an important element that must be taken in 

consideration if we want to access the full potential of environmental metagenomes. Community 

coverage is possible only in simple or high specialized environments characterized by low species 

richness, such as acid mine drainage at Iron Mountain, California (Tyson et al., 2004; Ram et al., 2005). 

The relatively simple structure of its microbial community led to the assembly of five complete 

genomes. In contrast, the metagenome of a very complex community, such as that from the soil, 

cannot be exhaustively sequenced at reasonable costs, and the reconstruction of genomes or 

metabolic pathways is only possible for few predominant organisms. Some sequences are less likely 

to be captured in libraries, and this inevitably represents a barrier to the screening. 

A comparative study of shotgun sequencing of original sample to corresponding metagenomic 

libraries from human faeces (Lam & Charles, 2015) and corn field soil (Cheng et al., 2014) highlighted 
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how the relative abundance of phyla can differ in the library compared to its corresponding extract. 

Interestingly, the analysis indicated a bias in the relative abundance of each Operation Taxonomic 

Units (OTU), with some being 1000-fold overrepresented and other underrepresented in the library; 

AT-rich sequences appeared to be inadequately represented (Lam & Charles, 2015). The sequencing 

of extremely large libraries is necessary for a complete coverage of species-rich samples. In addition, 

the enormous volume of data generated by environmental sequencing requires advances in 

bioinformatics and the development of new algorithms specifically designed for metagenomic data 

analysis (Wooley et al., 2010) 

Due to the high diversity within the microbial communities, target genes encoding for novel 

enzymes represent a tiny fraction of the total nucleic acid sample extracted. However, microbial 

community composition can be actively manipulated prior to metagenomic library construction, in 

order to enrich for desired activities. For functional screening, pre-enrichment of environmental 

samples is usually obtained by amending with specific nutrients or substrates, favouring the growth 

of the microbes that express the desired biocatalyst. Selection pressure for enrichment can obtain 

upon chemical or physical criteria. For example, a size-selective filtration was used for enrichment in 

the Sargasso Sea genome sequencing project (Venter et al., 2004). The main drawback of the artificial 

enrichment is the danger of enriching fast-growing microorganisms that do not utilize the supplied 

nutrients. A recent success example of the pre-enrichment method related to the research of new 

amidases for the enzymatic conversion of D-phenylglycine into intermediates for the synthesis of β-

lactam antibiotics conducted on soil (Gabor et al., 2004). To increment the likelihood of finding useful 

enzymes, enrichment cultures were performed with D-phenylglycine amide as exclusive nitrogen 

source. 16S rRNA analysis showed a 4 times lower bacterial diversity in the enrichment cultures than 

the original sample. Clones exhibiting amidase activity were selected on a medium containing 

phenylacetyl-L-leucine or D-phenylglycine-L-leucine, allowing only the growth of recombinants 

capable of hydrolysing the amide compounds. Amide-positive clones were identified and after an 

extensive substrate profiling it was isolated a single clone (pS2) which supported a more than 2-fold 

higher maximal level of penicillin G accumulation than E. coli penicillin amidase (Gabor et al., 2004). 

In another study, the efficiency of screening metagenomic libraries for cellulose activities was 

improved more than 3 times by incubating the soil sample with crystalline cellulose before DNA 

extraction (Mori et al., 2014).  

Similarly, microbial communities within contaminated ecosystems tend to be dominated by 

the organisms capable of consuming and/or tolerating toxic organic compounds. Phylogenetic analysis 

conducted on sediment from Milazzo bay showed how the structure and composition of the bacterial 

community capable of growing in hydrocarbon-contaminated superficial sediments dramatically 
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change in response to nutrient load and to addition of various hydrocarbons (Yakimov et al., 2005). 

Environmental samples can dynamically vary in phylogenetic and process equilibrium: the population 

of a closed niche may be modified until the system reach a new equilibrium where the key 

microorganisms have the working capacity to make the overall community work (Yakimov et al., 2005; 

Bargiela et al., 2015). 

New PCR-independent amplification techniques that use multiple displacement amplification 

(MDA) with Φ29 DNA polymerase (Blanco et al., 1989) for whole genome amplification have allowed 

access to rare microbes, present in low numbers in bacterial communities or from single cells (Spits et 

al., 2006). 

A method for enrichment is the so-called ‘stable isotope probing’ (SIP), an approach that 

selectively enriches metabolically active microbes that consume a specific labelled substrate. The DNA 

that incorporates high amounts of heavy isotope (such as 13C) belongs to metabolically active 

microorganisms and it can be separated by density centrifugation. The labelled nucleic acid can be 

therefore used for the generation of a metagenomic enriched library (Radajewski et al., 2000; Neufeld 

et al., 2008). This methodology was successfully used to specifically enrich and label methylotrophic 

populations in sample of lake sediments able to use labelled C1 compounds (Kalyuzhnaya et al., 2008). 

SIP was also useful for the isolation of various enzymes, such as novel biphenyl dioxygenase (Sul et al., 

2009).  Without pre-existing knowledge on the identity of the microbes within the microbial 

community, it is thus possible to have a direct access to their genome. However, the stable isotope 

probing approach can result in a loss of novel catalysts that are only present in a small number of 

microbes, which can be superseded by fast-growing and more abundant bacteria. 

Differential display (DD) is an alternate technique that can be used for the discovery of 

bacterial genes and it can be applied to identify differentially expressed genes. DD is used to compare 

the mRNA pools: cells are grown under different physiological conditions, messenger RNA is then 

amplified at arbitrary sites by reverse transcription (RT), followed by RT-PCR (Liang et al., 1993; Galvão 

et al., 2005). Levels of gene expression are thus compared and genes expressed only under a specific 

condition will give rise to RT-PCR bands. These are further analysed by DNA sequencing to discover 

new ORFs (Brzostowicz et al., 2003). The application of this approach to the prokaryotic system 

requires the use of arbitrary oligonucleotide primers to initiate RT of the mRNA at random sites, while 

for eukaryotic mRNA it is possible to take advantage of the poly(A) tails. Differential display has been 

successful used to discover genes for cyclohexanone monooxygenase in mixed cultures from a 

wastewater bioreactor (Brzostowicz et al., 2003), to discover a putative operon for 2,4-dinitrophenol 

degradation in Rhodococcus erythropolis (Walters et al., 2001), and to explore the gene expression 
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patterns in marine microbial communities using an adaptation of this technique called Transcriptome 

Fingerprinting Analysis (TFA) (Coll-Lladó et al., 2011). 

 

2.4.2. Need for multiple hosts 

Currently, the bacterium E. coli is the most common host organism used for screening 

metagenomic libraries, although the heterologous expression remains a barrier for the extraction of 

the maximum information from functional analyses. The E. coli transcription-translation machinery is 

not completely compatible with the expression of genes harvested from environmental microbes: this 

can result in a low proportion of positive clones or in inactive enzymes after expression (Gabor et al. 

2007; Loeschcke et al. 2013).  

An alternative host is Bacillus subtilis, which is endotoxin-free and secretes proteins into the 

extracellular medium; unfortunately there is an insufficient number of expression vectors conceived 

for this bacterium that furthermore presents plasmid instability, misassembled proteins and active 

proteases (de Carvalho, 2016). Other alternative organisms for library construction and screening are 

being used, including strains of Streptomyces and Pseudomonas (Ferrer et al., 2007) or Rhizobium 

leguminosarum (Wexler et al., 2005). The adoption of a broader host range vectors capable of 

replication in several hosts will positively expand the range of detectable activities, although further 

optimization of the conditions for high transformation efficiency and for expression of, for instance, 

metagenomes derived from archaea-dominated communities, is still necessary. While expression 

systems in further bacteria (e.g. Rhodobacter, Burkholderia), archaea (Haloferax, Sulfolobus) and 

yeasts (Pichia, Saccharomyces, Schizosaccharomyces) (Craig et al., 2010; Liebl et al., 2014) are 

relatively well established for expression of individual proteins, none of these hosts have so far been 

utilised for metagenomic libraries construction and screening.  

 

2.5. High-throughput and single cell genomics 

 

The impact of NGS technologies on metagenomics has been very profound; currently a typical 

metagenomic project is sequence-based and generates large amounts of sequence data. In fact, 

conventional function-based screening of metagenomic libraries faces challenges such as low hit rate 

of positive clones, labour intensiveness, low throughput, and excessive time. In functional 

metagenomic screenings, the low frequency of positive clones is a significant limitation. As we already 

discussed, common screening methods are based on the conversion of easy-to-screen general assays 

in solid or liquid media. The lack of relevant substrates and screening methods for rare enzymatic 
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activities, as well as the poor performance of enzymes under non-natural conditions, represent a 

major technological limitation (Fernández-Arrojo et al., 2010; Singh, 2010).  The development of multi-

substrate approaches for high-throughput functional screening and the design of new chromogenic 

compounds that can mimic the real complex target substrates should be of high interest. High-

throughput screening methods are inevitably necessary: new assays have been established in recent 

years and they are in constant development along with the progress in robotics and functional assays. 

 

2.5.1. Single-cell genomics 

Single-cell genomic (SCG) is a novel technology that is paving the way to new methods of 

analysing and understanding our environment. Specific organisms of interest can be targeted by 

processing a small number of cells that are relevant to a specific function in the environment. A 

complex sample can be enriched for a target cell population using fluorescence-activated cell sorting 

(FACS): it enables the physical separation of a user-defined sub-population of cells of interest from a 

complicated mixture for further analysis, such as downstream genomics or proteomics (Bergquist et 

al., 2009; Kodzius, 2016). Therefore, this approach allows the identification of biological activity within 

a single cell matching specific criteria, such as size, shape, or presence of specific nucleic acids or 

activities, using fluorescent dyes (Rinke et al., 2014a; Woyke et al., 2009). Among the many advantages 

of FACS are its high throughput, high sorting speed, and ability to sort live cells. In addition, FACS can 

detect the presence of cells in a droplet, rejecting the empty ones, and directing the cells with desired 

properties into multiwell/microtitre plates (Kodzius, 2016). Droplet microfluidic-based screening is 

recognized as an efficient tool for the assessment of cellular behaviour at the single-cell level. FACS 

can be used to detect expression of certain types of genes by regulation of a fluorescent biosensor 

present in the same cell as the metagenomic DNA (Rinke et al., 2014b). The co-encapsulation of cells 

expressing target molecules (e.g., enzymes and antibodies) with a reporter molecule, such as a 

fluorescent substance, provides a rapid detection of droplets that contain cells producing molecules 

of interest (Brouzes et al., 2009; Agresti et al., 2010; Scanlon et al., 2014).  

In a recent work, genes coding for lipolytic enzymes were retrieved from a soil metagenomic 

library through a gel microdroplet (GMD) technique combined with fluorescent-activated cell sorting 

(FACS) (Hosokawa et al., 2015). Directly after the library construction into the fosmid vector and the 

infection of EPI300-T1R E. coli cells, the clones were encapsulated in agarose GMD with fluorogenic 

substrates (fluorescein dicaprylate) and IPTG via a microfluidic droplet generator. After incubation, 

the substrate diffused into the periplasm and was enzymatically hydrolysed; microscopic observation 

enabled detection and counting of lipolytic-active clones from the library pools in a digital format, 

based on the presence or absence of green fluorescence products in the GMDs. A hit rate of 0.62% 
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was estimated with this method compared to the 0.28% of the conventional agar-plate assay, thanks 

to a more clear identification of the fluorescent signal rather than the hydrolysis halo. Moreover, the 

GMD based assay has the potential of reducing significantly the reagent volume required 

(approximately 100 pL/cell) and the time required to assess the activity of clones from 3 days to 

12 hours.  

 

2.5.2. SIGEX 

An efficient screening tool is the substrate-induced gene expression (SIGEX) which, in 

combination with FACS technology, allows the high-throughput screening of 30,000 clones/s of 

metagenomic libraries constructed in an operon-trap vector (Uchiyama & Miyazaki, 2010). The 

operon-trap vector includes a co-expressed reporter gene, such as gfp. The GFP fluorescence is used 

to detect clones that contain metagenomic fragments containing genes that are expressed in response 

to induction substrates. This approach was successful applied to identify transcriptional activators 

responsible for aromatic compound degradation (Uchiyama et al., 2005; Uchiyama & Miyazaki, 2013) 

using different aromatic inducing compounds, such as benzoate, naphthalene, salicylate, 3-

methylcatechol and 4-chlorocatechol. 

 

Fig. 2.2. Substrate-induced gene expression (SIGEX). Metagenomic DNA is cloned into a promoter-trap vector 

containing a gfp-reporter downstream of the cloning site. Promoters in the metagenomic DNA that respond to 

specific carabolites induce expression of GFP. An intracellular biosensor detects biologically active metagenomic 

gene products. GFP expression is dependent on the interaction of those small molecules with the biosensor 

proteins. Finally, FACS is used to sort the GFP+ and GFP- cells separately. 
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2.5.3. Microarrays 

The DNA microarray technology is an alternative tool with the potential to investigate 

simultaneously multiple genes. Functional gene arrays (FGAs) are microarrays that contain probes for 

key genes involved in microbial functional processes, such as biodegradation of environmental 

contaminants or biogeochemical cycling of C, N, S, P and metals (He & Deng, 2012). The development 

of a FGA implies a certain workflow: the selection of functional genes, the retrieval and verification of 

all the sequences from public databases; the design of oligonucleotide probes, usually with specific 

software tools; finally the “in-house” or commercially microarray construction spotting the probes 

onto glass slides (He & Deng, 2012). Distinct FGAs were developed immobilizing PCR amplicons or 

oligonucleotides to target specific functional processes. For example, FGAs of 50-mer oligonucleotides 

were developed to monitor microbial communities in acidic environment and bioleaching systems (Yin 

et al., 2007). Yin et al. investigated acid mine drainage environments and they designed the microarray 

containing 1071 probes using 16S rRNA sequences and a diverse set of functional genes involved in 

carbon, nitrogen, sulphur and iron metabolisms, metal resistance. Acidophilic microorganisms known 

to be in the acidic environments were used as keywords for identifying appropriate genes in the 

GenBank database to use as probe (A. ferrooxidans, Leptospirillum sp., Acidiphilum spp.). The 

established microarray was used as a generic profiling tool that revealed differences among various 

microbial communities. A total of 80 16S rRNA genes probes and 150 functional genes probes were 

detected, proving that the 50-mer oligonucleotide array can be used as a specific and quantitative 

tool.  

Park et al. (2008) developed another format of DNA-microarray technology for rapidly 

identifying clones from metagenome libraries: fosmid clones (targets) were spotted on a slide and 

specific gene probes were labelled and used for hybridization. This approach was used to investigate 

fosmid libraries obtained from marine sediments (Park et al., 2008). However, specificity, high 

hybridization efficiency and detection sensitivity are the most critical parameters of this technique, 

and the target sequences extracted from the conserved regions of already known protein families 

radically reduce the chances of obtaining new proteins (Gabor et al., 2007). 

 

2.5.4. The way forward – from enzyme discovery to the preparation of ready-to-use 

biocatalysts   

It is clear that the establishment of enzymatic processes in the industry is mainly a problem of 

finding new enzymes. As mentioned above, one can take advantage of sequencing and extensive 

screening technologies to develop enzyme discovery strategies and to identify microbial enzymes with 
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improved and unusual activities and specificities. However, novel and potentially more efficient 

enzymes obtained from metagenomics are likely to require further modification by protein or enzyme 

engineering to obtain increased enzyme properties and catalytic activities. In addition to that, 

enzymes are delicate materials that need to be stabilized to survive a range of challenges conditions 

typically used in industrial processes. Accordingly, new formulations are needed that can stabilise and 

protect enzymes from adverse conditions, including those originated from washing, leaching and 

solvent attack. Here, distinct combinatorial and rational methods to generate such stabilized 

biocatalysts are required, regardless of the apparent relative improvements at the end of the process 

(Tran & Balkus, 2011; Bommarius et al., 2013). The material may not be just an inert component that 

allow the reuse of the enzyme but rather may play a role in the enzyme activity and stability.  

Nanotechnology has emerged as a promising tool to overcome problems of using enzymes for 

industrial purposes, providing improved stability, higher activity, protection against protease attack 

and minimising solubility-related issues (Kim et al., 2010). Various nanobiocatalytic approaches, using 

nanostructured materials, such as magnetic nanoparticles, polymers nanofibers and nanoporous 

materials, have been successfully used and tested as nanoscale reactors (Lei et al., 2002; Ge et al., 

2009). Uniform and well-controlled nanopores provide a large pore volume and high surface area, 

which can be used for improved enzyme and peptides loading. The covalent bounds between polymer 

and enzyme, in addition to the enzyme crosslinking via glutaraldehyde (GA) treatment, results in an 

aggregate coating with exceptional success in enzyme stabilization (Singh, 2010). Moreover, this 

system is also resistant to protease activity as the nanoporous media prevents the enzyme aggregate 

from leaching out and from being attacked by proteases in the fermenter (Kim et al., 2010), which 

enable it to be reused. Other outstanding example include the enzyme immobilization and 

stabilization in superparamagnetic silica/iron oxide nanocomposites with structured porosity (Valdés-

Solís et al., 2009), maghemite (γ-Fe2O3) nanoparticles functionalized with a reactive mulfunctional 

polymer (Shukoor et al., 2008) and dendronized manoparticles (Gustafsson et al., 2015), to cite some. 

Adsorption of enzymes on nanomaterials can improve enzyme activity and thermal stability. 

Magnetic nanoparticles, with an iron oxide core, covered by different types of polymers, allow an easy 

recovery of immobilized proteins. Xylanase from Aspergillus niger immobilized onto Fe3O4-coated 

chitosan magnetic nanoparticles showed increased thermal stability compared to the free enzyme and 

retained 87.5 % activity after seven successive reactions by magnetic separation (Liu et al., 2014). 
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2.6. Conclusions and Research Needs 

The demand for industrial enzymes is on a continuous rise driven by a growing need for 

sustainable and “greener” economy. Microorganisms play part as the largest source of an 

extraordinary amount of biocatalysts with a potential wide range of applications across several 

industries. Although numerous microbes inhabit the biosphere, the majority of them are reluctant to 

be cultivated under standard laboratory condition. Recent developments in metagenomics, in 

combination with other tools such as proteomics and recombinant DNA techniques for gene synthesis, 

have facilitated the discovery of new microbial enzymes from nature and their evolution to variants 

with improved catalytic properties.  

Functional metagenomics has proven to be highly successful for mining the enormous 

microbial diversity and thus providing biomolecules that merge industrial criteria. However, the 

refinement of methods in metagenomics will be crucial for further success in areas of industrial 

biocatalysis. The identification of obstacles and solving problems to cloning and screening will aid in 

the development of new tools and technologies for functional metagenomics. Improving E. coli (and 

other bacteria, fungi and archaea) as screening host and exploring the potential of different organisms 

will help overcoming limits at the level of transcription and translation, and likely improve future hits 

rates. High-throughput techniques for the screening of millions of clones and for the further 

evaluation of enzyme performance, will allow identifying highly active, efficient and promiscuous 

biocatalysts.  

Once a new or improved activity has been successfully identified by metagenomics, the 

process of integrating them at industrial scale may still be interfered if the expression of the pure 

proteins does not provide sufficient amounts of enzyme at reasonable costs. Further, it is recognized 

that the final catalytic properties of a biocatalyst are mainly the result of substrate arrangement in its 

active site driven by its natural or evolved polypeptide sequence and structure, and the influence that 

the immobilization process, needed to reuse and stabilize the enzymes, additionally exerts. For this 

reason, when starting a metagenomics investigation all these factors need to be taken into 

consideration. 
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CHAPTER III 

Taxonomic and functional annotation of CNSL-enriched microbial community 

from Sorghum bicolor rhizosphere 

 

 

3.1. Introduction 

Soil is a complex and one of the most biodiverse habitats with estimated thousands of 

microbial species residing in just one gram of soil (Schloss & Handelsman, 2006), which are involved 

in organic matter turnover and mineral nutrient cycling (Nannipieri et al., 2017). The initial microbial 

community structure in soil is a function of its physical and chemical properties, such as pH (Fierer & 

Jackson, 2006; Lauber et al., 2009), soil type (Schutter et al., 2001), water content (Bossio & Scow, 

1998). Changes in carbon substrates content, addition of nutrients or specific treatments influence 

the predominant microbial populations (Goldfarb et al., 2011). Agricultural management including 

pesticide and fertilizer application (Jangid et al., 2008), organic amendments (de Brito et al., 1995), 

and plant root exudation (Nannipieri et al., 2008) are some examples of events that significantly 

modify the composition of soil microbial communities.   

Soil and sediments are often the recipient of many pollutants originated from anthropogenic 

activities. Main soil pollutants include polycyclic aromatic hydrocarbons (PAHs), petroleum and 

related products, pesticides, chlorophenols and heavy metals. Among the principal soil pollutants, 

hydrocarbons play a special role due to their wide-scale distribution and hazardous physicochemical 

and biological properties. Hydrocarbons enter into the environment through waste disposal, 

accidental spills, and losses during transport and storage. Polycyclic aromatic hydrocarbon compounds 

are among the most toxic components to plants and animals (Samanta et al., 2002; Shuttleworth & 

Cerniglia, 1995; Xue & Warshawsky, 2005). Due to the great concern for environmental and human 

health, polluted environments have been the target of the attention of the scientific research with the 

intent of setting up bioremediation processes to detoxify and remove the pollutants. Although the 

effectiveness of bioremediation processes is influenced by numerous abiotic and biotic factors (such 

as pH, temperature, nutrient availability), the presence of microorganisms with the appropriate 

metabolic capabilities remains the fundamental requirement. For this reason, numerous 

metagenomic studies have been carried out to elucidate the modification occurring in the indigenous 

microbial structure of contaminates sites in order to characterize their catabolic activities (Guazzaroni 

et al., 2013; Yang et al., 2016; Jung et al., 2016). It appears how indigenous microbes gradually adapt 

https://www.omicsonline.org/open-access/physicochemical-characteristics-and-levels-of-polycyclic-aromatic-hydrocarbons-in-untreated-water-from-ngong-river-kenya-2375-4397-1000163.php?aid=73228
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to long-term contamination and develop a superior community which can make use of the 

contaminants (Mohammed et al., 2007). A number of bacterial genera have been reported to have 

evolved specific mechanisms for metabolising phenol, alkylaromatic and petroleum-derived aromatic 

hydrocarbons (Hazen et al., 2010; Lu et al., 2012; Brooijmans et al., 2009). Members of the bacterial 

genera Pseudomonas, Sphingomonas, Bacillus, Ralstonia, Cupriavidus, Burkholderia, Acinetobacter, 

Rhodococcus, Mycobacterium and Arthrobacter were isolated from marine and terrestrial 

contaminated sites (Mittal & Singh, 2009; Nešvera et al., 2015; Yan et al., 2013). Specific 

microorganisms have evolved to feed exclusively on hydrocarbons, including obligate hydrocarbon 

degraders of the genera Oleispira, Oleiphilus, Thalassolituus, Alcanivorax and Cycloclasticus (Yakimov 

et al., 2007). 

The isolation and the study of these microbes helped in the definition of the metabolic 

pathways of aromatic compounds degradation (Ladino-Orjuela et al., 2016; Nešvera et al., 2015). 

Interestingly, microbial ability to degrade recalcitrant organic compounds frequently arise from the 

promiscuous activity of previously existing enzymes. The concept of promiscuity comprises the idea 

of catalytic promiscuity (catalysing distinctly different chemical transformations), and/or substrate 

promiscuity (ability to bind with and convert structurally diverse molecules that resemble the normal 

substrate) (Copley, 2003). This phenomenon may explain the origin and evolution of bacterial enzymes 

that degrade new synthetic compounds that had been introduced into the environment in recent 

times (Kivisaar, 2009; Wackett, 2004; Copley, 2009). In addition, it has been reported that 

microorganisms participate in the biodegradation of recalcitrant organic molecules by a process 

known as co-metabolism (or fortuitous metabolism). Co-metabolism was defined as “the 

transformation of a non-growth substance in the obligate presence of a growth-substrate or another 

transformable compound” (Dalton et al., 1982); neither energy nor carbon are derived from the 

metabolised fortuitous compound. This mechanism has been associated with the degradation of 

xenobiotics, such as pesticides and PAHs by naturally occurring microbial populations (Rentz et al., 

2005; Van Herwijnen et al., 2003; Nzila, 2013). The pre-exposure to lower molecular weight aromatic 

compounds and to appropriate primary carbon sources can trigger the co-oxidation of other PAHs and 

improve in situ biodegradation (Bauer & Capone, 1988; Heitkamp & Cerniglia, 1988). Commonly used 

growth-substrates (e.g. glucose, yeast extract, peptone) promoted co-metabolism (Kim et al., 2003). 

Stimulation of high molecular weight PAH degradation was obtained in the presence of salicylate 

(Chen & Aitken, 1999). Bacteria that make use of monoaromatic and low molecular weight 

polyaromatic compounds as source of carbon showed co-metabolism of pollutants of similar chemical 

structure. Commonly reported examples include members of Sphingomonas, Pseudomonas, 

Burkholderia, Rhodococcus and Mycobacterium (Ye et al., 1996; Husain, 2008; Nzila, 2013).  
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Interesting examples of co-metabolism have been reported in the rhizosphere, a unique 

ecological environment where the degradation of environmental contaminants is generally enhanced 

(Pizarro-Tobías et al., 2015), with microorganisms removing PAH while growing on root exudate (Rentz 

et al., 2005). It has been extensively observed how plants shape the rhizosphere microbial community 

composition through the production of root exudates, recruiting microorganism harbouring the 

necessary catabolic functions (Siciliano et al., 2001) and stimulating a broader diversity of metabolic 

activities if compared to bulk soil (Li et al., 2014b). Plant root exudates are mainly composed by 

phenolic compounds that have proved to enhance microbial degradation of polychlorinated biphenyls 

(PCBs) and PAH by inducing the expression of oxygenases that trigger the aerobic degradation 

pathways (Anderson et al., 1993; Kamath et al., 2004). Moreover, the higher availability of organic 

matter in rhizosphere soil increase the microbial population size, as well as the contaminants 

bioavailability (Reilley et al., 1996; Miya & Firestone, 2000, 2001). The impact of endophytes and plant 

growth-promoting rhizobacteria (PGPR) in the transformation of pollutants is crucial. Endophytes are 

bacteria that inhabit living plant tissue and, besides the many processes they mediate, they can 

decrease phytotoxicity (with the production of sidephores and iron chelators) and promote the 

degradation of many common hydrocarbon contaminants (Li et al., 2012). Therefore, 

phytoremediation, or plant-assisted bioremediation, is seen as an attractive option for the 

management of polluted soils (Glick, 2010; Martin et al., 2014).  

In light of the considerations expressed above, we postulated that the addition of Cashew Nut 

Shell Liquid (CNSL) into rhizosphere soil would affect the indigenous microbial community, promoting 

the enrichment of microorganisms capable of tolerating and/or metabolising CNSL constituents. At 

the same time, a possible enrichment in activities associated with the metabolism of other aromatic 

and polyaromatic compounds was hypothesized. Sorghum bicolor rhizosphere was chosen as starting 

material in the enzyme discovery investigation conducted for the fulfilment of this work. Sorghum 

spp. are well-studied allelopathic plants, known to exudate from the root hairs phenolic compounds 

that confer them a competitive advantage over the surrounding plants and microbial species (Dayan 

et al., 2010). Major constituents of the sorghum exudate are molecules that structurally resembles 

the components of CNSL (Dayan et al., 2003). On the contrary, the biological effects of cashew oil in 

the environment have been only partially investigated and ascribed to the high content in phenolic 

compounds. Cytotoxicity and mutagenicity were observed in prokaryotic cells (George & Kuttan, 1997; 

Polasa & Rukmini, 1987). In vitro studies on rumen microbiota showed CNSL altering rumen 

fermentation towards less methane fermenting bacteria. The surfactant action of CNSL acted against 

the bacterial cell surface breaking it, whereas gram-negative propionate-producing bacteria that 

possessed an outer membrane exhibited tolerance (Watanabe et al., 2010; Oh et al., 2017). An 
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investigation conducted on sites contaminated by effluents of the cashew industry suggested the 

presence of putative CNSL-degrading microorganisms such as Pseudomonas stutzeri, Enterobacter 

cloacae, Enterobacter sakazakii, Sphingomonas paucimobilis and Pseudomonas pseudoalcaligenes 

(Sabna Prabha et al., 2011). Pseudomonas aeruginosa and Delftia acidovorans appeared to be potent 

CNSL degraders, with 85% and 79% of estimated degradation after 4 hours of incubation, respectively 

(Sindhu & Potty, 2015). Degradation capacity of fungal species was also evaluated (Sindhu & Potty, 

2016).  

Here, we report the results of the comparative analysis of CNSL-enriched rhizosphere 

microcosms at different intervals of time. A metagenomics approach was applied for the investigation 

aiming to highlight the major modifications at phylogenetic and functional level. Annotated protein-

coding genes were cross-linked to manually curated databases of aromatic compounds-degrading 

enzymes, and a potential network of catabolic reactions implicated in the poly/monoaromatics and 

alkenes degradation was reconstructed. 
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3.2. Materials and Methods 

 

3.2.1. Germination of Sorghum plants 

Soil germination of Sorghum bicolor plants was carried out in soil collected from the Henfaes 

Research Centre (53°14'21.0"N, 4°01'06.5"W, Gwynedd, Wales) in the greenhouse (Bangor University, 

Deiniol site). Seeds of Sorghum bicolor genotype BTx623 were obtained as a gift from the Agricultural 

Research Service of United States Department of Agriculture (Georgia, US). The soil at Henfaes consists 

of a fine loamy brown topsoil overlying gravel (Rheidol series) and is classified in the United Nations 

Food and Agriculture Organization (FAO) structure as a Dystric Cambisol (Teklehaimanot et al., 2002). 

In the location where the soil was collected, there was no history of sorghum being grown. The field 

soil sample consisted of topsoil collected from five randomly selected positions that were 

subsequently pooled to yield one sample. Soil was air-dried, mixed thoroughly, and stored at room 

temperature for use in subsequent experiments. 2L-pots were filled with soil and two seeds of S. 

bicolor BTx623 were sown per pot. Plants were cultivated in a greenhouse at 20°C and soil moisture 

content was maintained with tap water.  

 

3.2.2. Enrichment with tCNSL 

The amount of 3 g of technical Cashew Nut Shell Liquid (tCNSL) (Fig. 3.1) dissolved in 70% 

ethanol was added into the pot of 20-days-old plants and the soil was mixed thoroughly. After sixty 

days from tCNSL addition, plants were pulled out of the pot and soil was shaken off; samples of 

rhizosphere soil attached to the plant roots were then brushed off and collected. Soil slurry enriched 

microcosms were set up in conical 1L Erlenmeyer shaking flasks by mixing 10 g of the collected 

rhizosphere soil with 300 mL of sterile Murashige Skoog Basal medium (Sigma) and 10 mg/L of 

cycloheximide antibiotic (Sigma). Three biological replicates were performed. tCNSL was dissolved in 

70% ethanol and added to the medium to a final concentration of 0.1 g/L. Flasks were kept under 

orbital shaking conditions at 20 °C; soil slurry was sampled every 7 days and fresh tCNSL was added 

for a total of 35 days. Samples used in this study were labelled as follows: 0W for the not enriched 

timepoint zero, and 1W, 3W and 5W for samples of tCNSL enriched culture collected after 1, 3 and 5 

weeks respectively. 
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Fig. 3.1. Technical Cashew Nut Shell Liquid 

 

3.2.3. DNA extraction  

Metagenomic DNA was isolated from the fractions collected at timepoint zero and after 1, 3 

and 5 weeks of tCNSL enrichment. Nucleic acid extraction from the collected triplicate samples of soil 

suspension was performed using the Meta-G-Nome DNA Isolation Kit (Epicentre Biotechnologies; WI, 

USA). Briefly, 50 ml of the soil suspension from the flask enrichment were centrifuged at 400 x g for 5 

min. The supernatant was filtered through 0.45 µm and 0.22 µm membrane filters. This procedure 

was repeated with the initial soil sample four times: remaining soil was resuspended in PBS, 

centrifuged and the supernatant filtered as before. Filter membranes were combined and the 

sediment on the filter was resuspended with extraction buffer and collected. DNA extraction was 

carried out according to the protocol described by the manufacturer. The quality of the extracted DNA 

was evaluated on agarose gel and quantified with the Quant-iT dsDNA Assay Kit (Invitrogen) on a Cary 

Eclipse fluorimeter (Varian/Agilent) according to the manufacturer’s instructions. Duplicate DNA 

samples corresponding to timepoint zero (0W), week 1 (1W), week 3 (3W) and week 5 (5W) were 

sequenced by Illumina HiSeq 2500 platform (150bp pared-end reads) at Fidelity Systems, Inc. 

(Gaithersburg, MD) and assembled as described previously (Golyshina et al., 2017).   

 

3.2.4. IMG/MER annotation 

The dataset obtained from the sequencing was assembled and uploaded to the online 

metagenomic analysis tool Integrated Microbial Genomes and Microbiomes (IMG/M: 

https://img.jgi.doe.gov/m/) and annotated according to the Metagenome Annotation Pipeline of the 

Joint Genome Institute (JGI) of U.S. Department of Energy (DOE) (Huntemann et al., 2016; Chen et al., 

2017; Markowitz et al., 2014). The IMG/M is a genome browsing and annotation platform that 

includes archaea, bacteria, eukarya, plasmids, viruses, metagenomes and metatranscriptome 
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datasets. The database of IMG/M is comprised of sequence data being created by DOE Joint Genome 

Institute, uploaded by independent researchers, or fetched from public domain. The web interface 

provides comparative analysis tools for analysing their metagenome datasets. The “Compare 

Genome” menu included tools such as Genome Statistics, Phylogenetic Distribution, Abundance 

Profiles, Distance Tree, Function Profile, and Genome Clustering, which were used for the purposes of 

this study. Every measurement (number of hits for each functional of taxonomic group) was expressed 

as “estimated gene copies”, through which the number of genes is multiplied by the average sequence 

coverage of the contigs on which these genes were predicted. Values were then normalised on the 

total number of annotated sequences in order to avoid artefacts due to differences in sample size. 

Phylogenetic composition analysis of the samples was based on the distribution of best BLAST 

hits of protein-coding genes. Count values for each taxon corresponded to the estimated copies of 

protein coding-genes that had best BLASTP hit (Altschul et al., 1997) to proteins in the indicated taxon, 

with a minimum amino acid sequence identity of 30%. The counts were then expressed as percentage 

of the total estimated gene copies of each sample, and average and standard deviation of duplicates 

was calculated. Metagenomic samples were then compared in terms of their phylogenetic 

composition at the phylum, class, order and family level. 

Functional annotation for metagenomes consisted of associating protein-coding genes with 

COGs, Pfams, KO terms, EC numbers (Tatusov et al., 1997; Kanehisa et al., 2016; Finn et al., 2016). 

Functional capabilities of the metagenomes were investigated by the Abundance Profile tool that 

allowed comparing the relative abundance of pre-defined groups of protein families as represented 

by different types of functional classifications (COGs, KEGG pathways) and functional families 

(Enzymes). Homology searches were performed using RPS-BLAST (Reverse Position Specific BLAST) 

2.2.31 with an e-value of 1e-2 against NCBI Conserved Domain Database (CDD) (Marchler-Bauer et al., 

2017). Genomes were subjected to cluster analysis using the clustering tools available under IMG 

Compare Genomes main menu option. The results of hierarchical clustering are displayed in a tree 

format. The computed distance on the tree was based on the similarity of the functional 

characterization of genomes in terms of a specific protein/functional family. The metagenomic data 

were also annotated against SEED subsystems database in MG-RAST (Meyer et al., 2008; Overbeek et 

al., 2014) at a cut-off of E-value < 10-5, 60% minimum identity and 15 bp minimum alignment length.  

 

3.2.5. Biodegradation network reconstruction 

Functional assignment of predicted proteins involved in degradation was performed based on 

BLASTP comparison against two different sequence datasets. The first dataset used was AromaDeg, a 

manually curated database which exploits a phylogenomic approach for functional classification of 
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key proteins involved in aerobic degradation of aromatic compounds (Duarte et al., 2014); in addition, 

an in-house database (Guazzaroni et al., 2013) containing experimentally validated protein sequences 

involved in intradiol cleavage of aromatics and alkene biodegradation was also used. The validated 

enzymes included Rieske non-heme iron oxygenases, type I extradiol dioxygenases of the vicinal 

oxygen chelate superfamily, type II or LigB superfamily extradiol dioxygenases, type III extradiol 

dioxygenases belonging to the cupin superfamily, intradiol dioxygenases and alkane hydroxylases. 

Predicted open reading frames (ORFs) of the annotated metagenomic samples were used as queries 

in the BLAST search, and the results were filtered by sequence identity (>50%) and minimum 

alignment length (> 50 amino acids). Sequences that matched a given protein family were associated 

to an experimentally validated catabolic enzyme performing an aromatic degradation reaction, 

identified by a substrate and a degradation product. The putative substrate and product were then 

connected to reconstruct the catabolic networks. The number of genes assigned to the same function 

(or degradation reaction) determined the thickness of the line in the figure. The relative abundance 

of each function and the complete list of the substrate is shown in the appendix. Scripts and command 

allowing the network reconstruction in a graphical format and the comparison of the abundance levels 

of genes encoding catabolic enzymes have previously been reported (Bargiela et al., 2015b). In order 

to establish the taxonomic affiliation of the identified catabolic genes, the amino acid sequences were 

used as query in BLASTP search against NCBI non-redundant database. The complete taxonomy of the 

first ten homologs was retrieved and used for the taxonomic lineage definition.  
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3.3. Results 

 

3.3.1. DNA extraction and sequencing 

After 20 days from the germination, 3 g of technical Cashew Nut Shell Liquid (tCNSL) were 

added to the soil and, after sixty days, a further enrichment of the rhizosphere was carried out in 

shaking flasks with the addition of tCNSL. DNA extraction from samples collected at timepoint zero 

and after 1, 3 and 5 weeks of tCNSL microcosm enrichment (samples IDs = 0W, 1W, 3W, 5W) was 

performed and two replicates were subjected to Illumina de novo sequencing. The output of the 

assembling and annotation is summarised in Table 3.1. Due to sequencing error, only one replicate 

was sequenced for sample 0W. Due to differences in size in terms of number of sequences, the 

outcome of the further analyses was normalised on the total number of protein coding genes.  

 

 

Table 3.1. Summary of the metagenomes assembly data and gene annotation. Average values of two sequenced 

replicates is shown.  

ID N. sequences N. bases Protein coding genes    

    - with COG - with Pfam - with Enzyme 

0W 27966 14574824 38669 21308 18124 10274 

1W 111702 91688760 182293 89478 84398 38144 

3W 145541 105634269 232009 121399 110141 54662 

5W 262012 176082657 389525 196226 183768 86769 

 

 

3.3.2. Analysis of bacterial community dynamics 

A comparative analysis of the samples was carried out in order to highlight possible 

modifications in the microbial community composition. Taxonomic classification was based on the 

distribution of the best BLAST hits of the annotated protein-coding genes. Phylotypes abundance was 

analysed at the phylum, class, order and family level. At the phylum level (Fig. 3.2), the most 

predominant microorganisms belonged to Proteobacteria, Actinobacteria, Bacteroidetes and 

Firmicutes. Significant changes in the relative abundances of these groups became apparent. At the 

timepoint zero (0W) the bacterial community was composed mainly by Actinobacteria (38.26% of the 

annotated sequences), Proteobacteria (32.46%), Gemmatimonadetes (5.90%) Firmicutes (1.91%), 

Cyanobacteria (1.45%) and Bacteroidetes (1.42%). Following addition of tCNSL, Proteobacteria 

increased in abundance to become the dominant phylum (1W: 79.74%; 3W: 53.06%; 5W: 58.35%), 
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whereas a considerable drop was observed in the relative abundance of Actinobacteria (1W: 15.6%; 

3W: 14.7%; 5W: 19.4%). The third most-represented phylum after enrichment was Bacteroidetes (1W: 

0.76%; 3W: 8.87%; 5W: 12.74%). The relative abundance of Firmicutes remained quite constant, 

accounting for approximately 1.3-2.8% of the annotated sequences.  

 

 

 

Fig. 3.2. Microbial diversity in the tCNSL enriched samples and ratio of the most abundant taxonomic groups at 

the phylum level. The phylogenetic composition was based on the distribution of best BLAST hits of protein-

coding genes in the dataset. The stacked bars represent the composition of each sample estimated from the 

result of BLASTP analysis with a 30% threshold identity. 

 

 

Interesting changes in the community structure occurred at the class level (Table 3.2). The 

class profile of Proteobacteria showed a pronounced alteration within the enrichment period. 

Alphaproteobacteria was the dominant class at timepoint zero (26.02% of total annotated sequences), 

while Beta- and Gammaproteobacteria accounted for only 1.90%. After 1 week, Betaproteobacteria 

and Gammaproteobacteria showed 28 and 10-fold increase respectively (53.10% and 19.10%); after 

5 weeks Betaproteobacteria represented 25% of the microbial population, Alphaproteobacteria 21%, 

and Gammaproteobacteria 12%. The increment in Bacteroidetes was ascribed to a small enrichment 
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in Chitinophagia (0W: 0.13%; 5W: 4.30%), Sphingobacteriia (0W: 0.11%; 5W: 3.73%), Cytophagia (0W: 

0.61%; 5W: 2.99%), and Flavobacteriia (0W: 0.15%; 5W: 1.15%).   

 

Table 3.2 Relative abundance (%) of the taxonomic groups at class level of the top 4 most abundant phyla based 

on the assignment of protein-coding genes after BLASTP analysis.  

Phylum Class 0W 1W 3W 5W 
      

Proteobacteria Acidithiobacillia 0.07 0.02 0.06 0.03 
 Alphaproteobacteria 26.02 7.31 27.19 21.15 
 Betaproteobacteria 1.89 53.10 14.80 25.01 
 Deltaproteobacteria 2.58 0.21 0.85 0.55 
 Epsilonproteobacteria 0.01 0.01 0.06 0.02 
 Gammaproteobacteria 1.90 19.10 10.08 11.59 
 Zetaproteobacteria 0.01 0.00 0.04 0.01       

Actinobacteria Acidimicrobiia 0.04 0.22 0.10 0.28 
 Actinobacteria 32.68 15.35 14.35 18.97 
 Coriobacteriia 0.03 0.00 0.12 0.03 
 Nitriliruptoria 0.05 0.00 0.00 0.02 
 Rubrobacteria 0.12 0.00 0.01 0.01 
 Thermoleophilia 5.34 0.01 0.12 0.10       

Bacteroidetes Bacteroidia 0.06 0.03 0.26 0.32 
 Chitinophagia 0.13 0.30 3.27 4.30 
 Cytophagia 0.61 0.14 1.26 2.99 
 Flavobacteriia 0.15 0.09 0.95 1.15 
 Saprospiria 0.04 0.02 0.18 0.14 
 Sphingobacteriia 0.11 0.49 2.79 3.73 
 Unclassified 0.32 0.03 0.17 0.13       

Firmicutes Bacilli 0.87 1.26 1.26 0.73 
 Clostridia 0.86 0.10 1.28 0.47 
 Erysipelotrichia 0.01 0.00 0.01 0.00 
 Negativicutes 0.15 0.01 0.17 0.07 
 Tissierellia 0.02 0.00 0.05 0.02 
 Unclassified 0.00 0.00 0.00 0.00 
 

 

The intra-class diversity of the dominant groups Actinobacteria, Alphaproteobacteria, 

Betaproteobacteria, and Gammaproteobacteria was investigated and changes in the relative 

abundance of the included members were observed (Fig. 3.3 and 3.4). At the timepoint zero (blue pie 

charts), the class Actinobacteria was composed mainly by microorganisms of the order Micrococcales 

(45.6%) and Propionibacteriales (37.2%), with Intrasporangiaceae and Nocardioidaceae as the most 

abundant families. After tCNSL addition, Micrococcales percentage dropped to 3.0% and showed at 
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the same time a more diversified composition at family level including Microbacteriaceae, 

Cellulomonadaceae and Micrococcaceae bacteria. The relative abundance of Propionibacteriales 

decreased to 11.76% after 1 week of enrichment (orange pie chart), to increase again to 28.22% and 

44.26% after 3 and 5 weeks of enrichment (grey and yellow pie charts), becoming the second most 

represented order. Corynebacteriales became the dominant order after the enrichment (0W: 2.45%; 

1W: 3.44%; 3W: 26.05%; 5W: 44.45%), mainly represented by the genus Mycobacterium. Curiously, 

the abundance of Streptomycetales fluctuated between 2%-71% (0W: 2.52%; 1W: 71.56%; 3W: 

30.21%; 5W: 2.90%), settling on a negligible value after 5 weeks. 

 

 

 

Fig 3.3. Taxonomic composition of the bacterial class Actinobacteria based on the assignment of protein-coding 

genes. Distribution of the included orders and families at different timepoints is shown as pie charts with the 

following colour code: blue for 0W, orange for 1W, grey for 3W, and yellow for 5W. 

 

The class Alphaproteobacteria consisted essentially of Rhizobiales and Sphingomonadales 

(Fig. 3.4). Rhizobiales was the dominant order in 0W (78.11%), represented for the 88% by 

microorganisms of the family Methylobacteriaceae. In course of enrichment the abundance of 

Rhizobiales lowered (1W: 23.59%; 3W: 43.23%; 5W: 47.44%) and a more diversified composition was 

observed with the increase of microorganisms belonging to Brazyrhizobiaceae (0W: 3.03%; 1W: 

34.84%; 3W: 40.68%; 5W: 29.69%), Phyllobacteriaceae (0W: 1.58%; 1W: 20.32%; 3W: 36.79%; 5W: 

51.18%) and Rhizobiaceae (0W: 3.55%; 1W: 27.31%; 3W: 7.57%; 5W: 8.34%). Sphingomonadales 

bacteria appeared enriched from the initial 16.23% to a final 43.9%, with Sphingomonas being the 

most represented genus. In the class Betaproteobacteria the initial predominance of Burkholderiales 

was confirmed and favoured after enrichment (0W: 79.59%; 1W: 99.05%; 3W: 97.90%; 5W: 99.02%), 
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with the predominant affiliation to the families Burkholderiaceae and Oxalobacteraceae (Fig. 3.4). 

Similarly, before CNSL amendment Gammaproteobacteria comprised a wide number of species 

including Xanthomonadales, Chromatiales, Enterobacterales, Methylococcales and Pseudomonadales. 

The enrichment process supported the growth of the only Xanthomonadales (0W: 22.59%; 1W: 

86.54%; 3W: 85.32%; 5W: 90.23%); the main members of the order were Rhodonobacteriaceae, 

including bacteria of the genera Frateuria, Rhodonobacter, Luteibacter and Dyella (Fig. 3.4). 

 

 

 

Fig. 3.4 Phylogenetic composition of bacterial classes Alphaproteobacteria, Betaproteobacteria and 

Gammaproteobacteria based on the assignment of protein-coding genes. Distribution of the included orders 

and families at different timepoints is shown as pie charts with the following colour code: blue for 0W, orange 

for 1W, grey for 3W, and yellow for 5W. 

 

Overall, before the enrichment with tCNSL, the most representative taxa were Rhizobiales, 

followed by Micrococcales, Propionibacteriales, Gemmatimonadales, Solirubrobacterales and 

Sphingomonadales (Fig. 3.5). The composition drastically changed after 1 week of enrichment, going 



Chapter 3 

 

- 91 - 
 

through a transitional stage that found its final structure in the 3W and 5W communities, in which the 

most prevalent orders were Burkholderiales, Xanthomonadales, Rhizobiales, Sphingomonadales, 

Streptomycetales, Corynebacteriales and Propionibacteriales. 

 

 

 

Fig. 3.5 Relative abundance of the top ten most represented orders at different timepoints. 

 

 

3.3.3. Functional assignment of predicted genes 

Functional assignment of the predicted protein-coding genes was performed based on the 

comparison against pre-defined groups of protein families, as represented by different types of 

functional classifications such as COGs, KO terms and SEED subsystems. About 51% of the predicted 

genes were assigned to 4,242 COGs. The hierarchical clustering analysis based on similar functional 

profiles according to the COG Categories is displayed in a tree format in Fig. 3.6A. The placement in 

the tree reflects the relative degree of similarity of samples to each other. Sample 0W and 1W showed 
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distinctive profiles, whereas 3W and 5W clustered together suggesting a similar pattern in functional 

characterization.  

The comparative analysis of COG-assigned predicted genes indicated a quite unvaried 

distribution throughout the enrichment for general functions associated with routine microbial 

activity, which resulted to be also the most abundant categories, such as carbohydrate metabolism, 

amino acids and protein metabolism. Over-representation of COGs within the categories “cell 

wall/membrane biogenesis”, “transcription”, “intracellular trafficking/secretion and vesicular 

transport”, “cell motility”, and with unknown function were observed in the metagenomic samples 

after 1, 3 and 5 weeks of enrichment (Fig. 3.6B).  

 

 

 

Fig. 3.6. A) Hierarchical clustering by COG function categories and B) distribution pattern of COG-assigned 

predicted genes. The estimated gene copies values were considered and the analysis was performed using the 

Function Category Comparison tool on the IMG web interface. C: Energy production and conversion; D: Cell cycle 

control, mitosis, and meiosis; E: Amino acid transport and metabolism; F: Nucleotide transport and metabolism; 

G: Carbohydrate transport and metabolism; H: Coenzyme transport and metabolism; I: Lipid transport and 

metabolism; J: Translation; K: Transcription; L: Replication, recombination and repair; M: Cell wall/membrane 

biogenesis; N: Cell motility; O: Post-translational modification, protein turnover, chaperones; P: Inorganic ion 

transport and metabolism; Q: Secondary metabolites biosynthesis, transport and catabolism; R: General 

function prediction only; S: Function unknown; T: Signal transduction mechanisms; U: Intracellular trafficking 

and secretion; V: Defense mechanisms; W: Extracellular structures; X: Mobilome prophages, transposons. The 

genes not assignable to any COGs are not shown in this figure. 

 

 

The analysis based upon SEED database performed on the MG-RAST platform revealed similar 

patterns (Fig. 3.7). Metagenomic sequences were annotated against SEED level 1 subsystems. Among 

the metabolic categories, genes assigned to the metabolism of carbohydrates, amino acids and 

protein resulted the most abundant as it often happens in soil metagenomes (Uroz et al., 2013; Urich 
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et al., 2008), since they are related to the housekeeping functions of all living organisms. However, 

the comparative analysis of the metabolic categories relative distribution highlighted an enrichment 

in genes annotated into the groups “cell wall and capsule”, “membrane transport”, “virulence and 

defense” and “metabolism of aromatic compounds” in samples 1W, 3W and 5W.  

 

 

Fig. 3.7. Relative distribution of reads in major level 1 subsystems. Metagenomic data were annotated against 

SEED subsystems in MG-RAST based on a minimum percentage identity cut-off of 60%, E-value of 1e-5 and length 

of 15 bp.  

 

 

Proteins classified in the metabolism of aromatic compounds were assigned to eight 

subsystems at level 2, among which peripheral pathway for catabolism of aromatic compounds was 

the most abundant, followed by metabolism of central aromatic intermediates (Fig. 3.8). In particular, 

the subcategory of the peripheral pathway catabolism, which comprise proteins involved in the 

degradation of phenol, phenylpropanoid, benzoate, naphthalene and phenyl-alkanoic acids 

derivatives, showed an increment in the enriched samples. The metabolism of central aromatic 

intermediates was mainly represented by the homogentisate pathway and by proteins involved in the 

N-heterocyclic aromatic compound degradation.  
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Fig 3.8. Distribution of sequences associated to subcategories of the aromatic compound metabolism.  

 

 

The sequences classified in “Virulence, disease and defense” accounted for 2.16%, 3.44%, 

3.32% and 3.32% of the total reads annotated by SEED subsystems in 0W, 1W, 3W and 5W 

respectively. Resistance to antibiotics and toxic compounds, important features for microbial survival 

and adaptation in response to the presence of toxic compounds, was the most abundant subcategory 

in each sample.  The “Cell wall and capsule” category (0W: 3.35%, 1W: 4.40%, 3W: 4.16%, 5W: 4.22%) 

showed an increment in “bacterial peptidoglycan (murein) hydrolases2” and “Gram-negative cell wall 

components” level 2 subsystems in tCNSL amended samples, suggesting a possible enrichment in 

Gram-negative microorganisms which are known for their aromatics degradation capabilities. 

Furthermore, an increase in the abundance of the category “Ton and Tol transport systems” that 

includes TonB-dependent transporter proteins, which enable in Gram-negative bacteria the transport 

of trace elements, siderophores, heme and vitamin B12 was also observed (Noinaj et al., 2010). 

Carbohydrates, amino acids, organic acids and aromatic compounds are also TonB-dependent 

substrates, as observed for Xanthomonas and Sphingomonas bacteria (Miller et al., 2010; Tang et al., 

2012; Blanvillain et al., 2007). In addition, the KEGG pathway for degradation of aromatic compounds 

was specifically analysed. Before enrichment, this specific pathway comprised only 30 KEGG orthology 

(KO) identifiers, whereas this number increased to 98 KO after 5 weeks of CNSL enrichment. The 

functional diversity of samples with respect to the degradation of aromatic compounds pathway was 

compared in order to estimate richness and evenness of the included KO groups; the Shannon 

diversity indexes 3.21 (0W), 3.78 (1W), 3.75 (3W), 3.81 (5W) suggested some enrichment in functional 

diversity of proteins potentially involved in degradation of a wide-range of aromatic compounds.  
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Altogether, the exposure to CNSL constituents caused significant changes in the taxonomic 

composition of microbial community and its genetic potential, with effects on the polyaromatics and 

monoaromatics catabolic. 

 

 

3.3.4. Biodegradation network reconstruction 

The metagenome analysis was also applied to pinpoint possible modifications in the genetic 

potential of degradation of aromatic compounds in the rhizosphere microbial community in response 

to the exposure to tCNSL. The search of enzymes putatively involved in the aerobic bacterial 

degradation of aromatics was carried out with the utilization of the AromaDeg database. This manually 

curated database contains sequences of key catabolic functions with validated biochemical functions 

that were used as query sequences in the BLAST search. Results that matched to one of the protein 

families within the database were filtered by amino acid sequence identity (>50%) and minimum 

alignment length (>50 amino acids) and associated to a putative catabolic function. Corresponding 

substrates and degradation products were then linked and the partial reconstruction of the theoretical 

aerobic aromatic catabolic routes was achieved. The complete list of substrates and definition of the 

abbreviations assigned to the catabolic functions can be found in the appendix (Table S3.1). The 

analysis allowed also the visualization and comparison of the relative abundance of the functions 

identified in the community at different timepoint of the enrichment. However, due to the limited 

sequence coverage, the reconstructed pathways were partially incomplete. Only one hit was retrieved 

from the community at timepoint zero (0W). This low number may be linked to the broad spectrum 

of carbon sources that are present in soil, as well as to the low number of assembled sequences due 

to the high microbial diversity resulting in low sequence coverage of metagenome (Gans et al., 2005; 

Howe et al., 2014). Moreover, this resulted in short and fragmented ORFs, difficult to use as queries 

for an unambiguous functional affiliation.  

 Differences could be observed in the relative abundance of genes for the main catabolic 

enzymes families (Fig. 3.9). Type I extradiol dioxygenase (EXDO I) superfamily comprises enzymes that 

catalyse the ring cleavage of mono- and polyaromatics such as catechol, benzene, toluene, biphenyl, 

naphthalene; the bicyclic substrates subfamily increased 2.4-fold and variations in the monocyclic and 

miscellaneous families were also observed. The extradiol dioxygenases (EXDO) of the cupin 

superfamily, comprising enzymes such as gentisate dioxygenases, increased 2-fold between week 1 

and 3. The abundance of EXDO LigB superfamily, which includes protocatechuate and gallate 

dioxygenases, and the proteobacterial homoprotocatechuate 2,3-dioxygenases, varied in the range of 
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13-17% of total catabolic genes. Remarkable was the 3.8-fold increase registered in alkane 

hydroxylases. 

 

 

 

Fig. 3.9. Relative abundance and diversity of key catabolic enzyme groups involved in the degradation of 

aromatic compounds as annotated via comparison with the AromaDeg database.  

 

 

Two distinct catabolic networks were built illustrating the degradation capabilities on a whole-

community genomic scale of polyaromatic (Fig 3.10A) and monoaromatic compounds (Fig 3.10B). 

Catabolic function could be assigned to approximately 0.08% of the total predicted protein-coding 

sequences of 1W, 3W and 5W (257 protein-coding genes in 1W, 363 in 3W, and 471 in 5W) that 

matched with the validated database, covering 57 unique functions. Modifications in the relative 

abundance of functions associated with the catabolism of at least 18 substrates were found. However, 

no clear substrate specificity could be assigned to 26-30% of the retrieved enzymes (313 sequences in 

total), therefore not considered for the purpose of network reconstruction. 
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Fig. 3.10. Catabolic networks of (A) polyaromatics, (B) monoaromatics and alkenes in the CNSL-enriched 

sorghum rhizosphere microcosms sampled at week 0, week 1, week 3, week 5 (see colour code). Putative 

substrate and product of each degrading function were connected and an abbreviation was assigned to the 

catalysed reaction. The number of catabolic genes assigned to a degrading reaction is visualised by the thickness 

of the arrow. The values were normalised on the total number of protein coding genes in the given sample to 

avoid bias due to differences in sample size. 

 

 

The catabolic network of polyaromatic compounds (Fig. 3.10A) emphasised benzoate, salycilate and 

phthalate as main intermediates of degradation. The majority of the annotated functions were coded 

by genes only detected or enriched in week 3 and 5. Benzoate appeared to be the product of the 

activity of biphenyl (Bph) and 2,3-dihydroxybiphenyl dioxygenases (Dhb); Dhb were encoded by the 

highest number of genes, equally abundant after one and three weeks of enrichment. Genomic 

evidence for enzymes associated with the potential degradation of naphthalene, by naphthalene and 

dihydroxynaphthalene dioxygenase (Nah, Dhn), and of 2,3’,2-trihydroxybiphenyl (Thb) was found in 

B 
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week 3 and week 5. Activities included in the phenanthrene and 2'-carboxy-2,3-dihydroxybiphenyl 

pathway (Phn, Dhp, Hna, Cdb) were responsible for the phthalate accumulation, which then enters in 

the protocatechuate degradation pathway through the action of phthalate 4,5-dioxygenases (Pht). A 

11-fold increase from week 1 was detected in genes encoding catabolic enzymes associated with the 

putative degradation of 3,4-dihydroxy-9,10-seconandrost-1,3,5(10)-triene-9,17-dione propionate 

(3,4-DHSA by Dha). Finally, a number of sequences of sample 1W matched with functions involved in 

the hydroxylation of diverse polyaromatic molecules (Car, Dpa, DitA, Dit, Odm), but no evidence of 

these genes was found in 3W and 5W.   

The monoaromatic and alkene compounds network (Fig. 3.10B) showed a more diversified 

web of potential catabolic reactions funnelled into the Krebs cycle. As first observation, the 

degradation potential of the majority of the pollutants and their intermediates was equally detected 

in week 1, week 3 and week 5 microbial community. Nevertheless, a difference in the relative 

abundance of genes encoding for enzymes involved in particular degradation steps was observed, 

showing a positive correlation with the duration of enrichment. Catechol confirmed its role as a central 

intermediate in the degradation of cyclic hydrocarbons (Ladino-Orjuela et al., 2016). Genes encoding 

for benzoate (Bzt) and 2-chlorobenzoate dioxygenases (2CB), phenol hydroxylase (PH), and salicylate 

1-hydroxylase (Sa1) showed positive correlation with the exposure time to tCNSL, contributing to the 

formation of catechol as common catabolic intermediate. Catechol and its derivatives are then cleaved 

by dioxygenases, either between the hydroxyl groups (ortho-cleavage) or adjacent to one of the 

hydroxyl group (meta-cleavage). The ortho-cleavage of catechol to muconate by catechol-1,2-intradiol 

dioxygenases (C1,2-O) appeared to be the preferential pathway, and C1,2-O resulted to be the most 

abundant gene class in the network. Evidence of the further transformation of muconate to 

muconolactore by carboxymuconate cycloisomerase (Mcyl) were also obtained. Genes encoding 

alkane monooxygenase/hydroxylase enzymes AlkB and CYP153 composed the second most abundant 

group, with the highest number of hits recorded after 3 weeks of enrichment (5-fold increase 

compared to 1W), likely suggesting that fatty moieties are more susceptible to degradation and 

mineralisation than other more recalcitrant aromatic components. Other genes related with 

biodegradation were accumulated in weeks 3 and 5 and were relevant to the conversion of other 

intermediates of aromatic degradation pathways: gentisate, by gentisate dioxygenases (Gen) with 2.3-

fold change from 1W to 3W; gallate transformed by gallate dioxygenases (Gal) to 4-oxalomesaconate, 

and homoprotocatechuate metabolised by homoprotocatechuate 3,4-dioxygenases (Hpc). 

On the contrary, a negative correlation with the time of incubation was found for functions 

associated with the metabolism of 4-hydroxyphenylpyruvate (4HPPD), 4-aminobenzenesulfonate 

(Abs), 3-O-methylgallate (Omg), catechol (by the meta-cleavage of catechol 2,3-dioxygenases Cat), 
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and with the functions involved in the degradation of 2,3-dihydroxyphenylpropionate and 2-

aminophenol (Dpp and Apb). Genomic indications exclusive for samples 3W and 5W were found for 

activities related to the metabolism of phthalate (Pht), in the p-cumate pathway (Cum and Cmt), 2,3-

dihydroxybenzoate (Dbz), and di- and trichlorophenoxyacetate (2,4-D and 2,4,5-T).  

 

3.3.5. Correlation between community composition and phylogenetic identities of 

catabolic genes 

We intended to project taxonomy information over the genes encoding catabolic enzymes 

used for network reconstruction in order to detect the main taxonomic groups involved in the 

pollutant degradation. Approximately 80% of genomic fragments could be assigned to a taxonomic 

qualifier at class level and about 70% at order level (Fig. 3.11); approximately 28-31% of sequences 

remained unclassified at the order level. This can be attributed to generally high diversity of 

microorganisms in the soil before enrichment resulting in a low sequence coverage and short lengths 

of both assemblies and predicted protein sequences, and also to the fact that the majority of soil 

microorganisms still remains uncharacterised (Fierer, 2017).  

 

 

 

Fig. 3.11. Relative contribution of catabolic genes as per microbial lineage after enrichment and incubation for 

1, 3 and 5 weeks. Left panel corresponds to the total number of orthologs matching AromaDeg database and 

meeting cut-off criteria of 50% amino acid sequence identity. 

 

 

Key taxonomic groups included microorganisms closely related to members of 

Alphaproteobacteria (1W: 8%; 3W: 32%; 5W: 18%), Betaproteobacteria (1W: 61%; 3W: 37%; 5W: 
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48%), Actinobacteria (1W: 9%; 3W: 15%; 5W: 13%) and Gammaproteobacteria (1W: 3%; 3W: 1%; 5W: 

1%). Members of Burkholderiales were the major contributors to the network (1W: 59%; 3W: 36%; 

5W: 47%), followed by Rhizobiales (1W: 7%; 3W: 27%; 5W: 13%) and Corynebacteriales (1W: 1%; 3W: 

6%; 5W: 5%), altogether covering the abilities to potentially transform the majority of the substrates. 

Little contribution was provided by Xanthomonadales, Bacillales, Sphingomonadales, 

Propionibacteriales, and Streptomycetales.  

The contribution of the microbial species to each of the catabolic gene classes was studied 

(Fig. 3.12). Many enzymes were encoded simultaneously by different microbial groups suggesting the 

co-participation of them in the degradation of hydrocarbons, although the difference in relative 

abundance highlighted the predominance and important role of Burkholderiales. The taxonomic 

affiliation of proteins for 17 functions out of 62 was marked as unclassified and those were not 

included in the heatmap. The majority of catabolic functions appeared to be carried through enzymes 

encoded by betaproteobacterial Burkholderiales genomes. Alphaproteobacteria of the order 

Rhizobiales encoded enzymes for degradation of a number of substrates including 

homoprotocatechuate (by Hpc), alkene (by AlkB), catechol (by C1,2-O), 4-hydroxyphenylpyruvate (by 

AHPPD), 4-aminobenzenesulfonate (by Abs), maleylacetate (by MAR), and phenol (by PH). The 

degradation of gentisate (by Gen) appeared to be supported exclusively by Burkholderiales in 1-week 

microcosm, but the additional participation of Rhizobiales appeared after 3 weeks. Corynebacteriales 

and Propionibacteriales appeared to supply the genetic potential for transforming polyaromatics 2,3-

dihydroxybiphenyl and 3,4-DHSA by Dhb and Dha after 3 and 5 weeks. As mentioned before, the 

catabolic function of a significant number of sequences (26-30%) was ambiguous and genes were not 

included in the network reconstruction. However, the phylogenetic assignment of these sequences 

was possible and indicated their similarity to the most represented Burkholderiales, Rhizobiales and 

Corynebacteriales (data not shown).  

Interestingly, some functions were exclusively associated with specific microbial taxa. The 

enzymes responsible for the catabolism of the polyaromatics phenanthrene and naphthalene (by Phn, 

Nah), 2-chlorobenzoate (by 2CB), anthranilate (by Ant), biphenyl to catechol (by Bph, Bzt), 

dibenzothiophene (by DbtA), dinitrotoluene (by Dnt), 2,3-dihydroxyphenylpropionate (by Dpp), 

gallate and 3-O-methylgallate (by Gal and Omg), 3-carboxy-cis,cis-muconate (by Mcyl), 

methylhydroquinone (by Mhq), phthalate (Pht), and salycilate (Sa5) were attributed only to members 

of Burkholderiales. The catabolic pathway of p-cumate by Cum and Cmt, the degradation of 2,3-

dihydroxybenzoate (by Dbz), 2,4,5-trichlorophenoxyacetate (by 245T) and 2,4-

dichlorophenoxyacetate (by 24D) were found in members of Rhizobiales. Gammaproteobacterial 

Xanthomonadales exhibited the potential for degradation of 2-aminophenol (by Apa). These facts 
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indicate the necessity of microbial networking to enable the effective biodegradation of a multitude 

of natural and anthropogenic compounds in the soil and maintain its health and resilience. 

 

 

Fig. 3.12. Heat map showing the taxonomy affiliation at order level of the sequences used for the degradation 

network reconstruction differentiated per each catabolic function. Catabolic classes with ambiguous taxonomic 

assignation (only unclassified) were not included in the figure. Relative abundance of biodegrading enzymes was 

calculated on each function per week of enrichment. 
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3.4. Discussion 

 

The rhizosphere is a unique environment harbouring complex microbial community that 

quickly respond to the changes in physical-chemical conditions (Philippot et al., 2013). The presence 

of anthropogenic pollutants in soil, such as heavy metals and hydrocarbons, has proven to impose a 

selective pressure to soil microbiome that favours the growth of metabolically and physiologically 

more adapted species. Bacteria are known to have evolved to metabolize diverse aromatic 

compounds including environmental pollutants, using these compounds as carbon and energy source 

(Nešvera et al., 2015). We postulated that the addition of CSNL rich in phenolic lipids would shape the 

Sorghum rhizosphere bacterial community favouring the growth of aromatic-degrading microbes. The 

final goal was to enrich in functions that interact and modify the main components of the cashew oil, 

in order to clone and express the corresponding enzymes which may be of interest for establishing 

new biotechnological processes.  

After CNSL amendment in soil and a further microcosm enrichment performed in shaking 

flasks for 5 weeks, de novo sequencing of the microbial community allowed us to explore taxonomic 

and functional changes happening at specific interval of time. In the first part of this work, 

phylogenetic composition of the samples was delineated based on the distribution of the best BLAST 

hits of the annotated protein-coding genes. In the second part of the study, the modifications in 

response to the addition of cashew oil were investigated from a functional point of view, focusing in 

particular on the catabolic ability of the microbial community, with respect to polyaromatic and 

aromatic compounds. The results of the metagenomics analyses allowed us to make some 

considerations that are in agreement with the findings of previous metagenomics studies.     

 

3.4.1. Phylogenetic analysis of microbial community composition 

 

As a first observation, the analysis at phylum level identified Proteobacteria, Actinobacteria 

and Bacteroidetes as most represented groups, which has been identified as common inhabitants in 

the rhizosphere soil of crop plants (Li et al., 2014a), rice (Edwards et al., 2015), and sorghum plants 

(Oberholster et al., 2018). However, the comparison of samples at different timepoints of the 

enrichment highlighted the modification in the relative abundance of the taxonomic groups. The 

abundance of Proteobacteria remarkably increased in course of enrichment; this group comprises 

Gram-negative bacteria that has been extensively reported to participate in oil polluted environments 

to the degradation of petroleum hydrocarbons (Jurelevicius et al., 2013; Zhang et al., 2017). 
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Actinobacteria was the second most abundant phylum, although its abundance decreased 2-fold after 

5 weeks compared to timepoint zero. Actinobacteria are well studied for their aromatic catabolic 

pathways (Pérez-Pantoja et al., 2010), playing an important role in bioremediation (Chen et al., 2015; 

Zhang et al., 2012) and plant growth promotion (Palaniyandi et al., 2013). Members of Bacteroidetes 

are common in both marine and terrestrial ecosystems and they are specialized in the degradation of 

complex organic matter, including petroleum hydrocarbons (Thomas et al., 2011; Drury et al., 2013). 

In the proteobacterial community, Beta- and Gammaproteobacteria were dominated by members of 

Burkholderiales and Xanthomonadales respectively, and were favoured over Alphaproteobacteria 

group that was instead equally represented by Sphingomonadales and Rhizobiales (genera 

Bradyrhizobium and Mesorhizobium). Although Actinobacteria became less represented after CNSL 

enrichment, few changes within this phylum were observed, with the rise of Mycobacterium and 

Nocardioides to become the most abundant genera. The phylum Bacteroidetes had a significant 

increase in the abundance of sequences associated to orders Chitinophagales, Cytophagales and 

Sphingobacteriales. This large group of bacteria, formerly classified under the group “Cytophaga-

Flavobacterium-Bacteroides”, is widespread in the biosphere and it has been found in forest soil, 

rhizosphere soil and root endophytes (Madhaiyan et al., 2015). Overall, these findings appear to be 

consistent with other studies conducted on rhizosphere samples. Genera such as Rhizobium, 

Sphingomonas, Burkholderia and Pseudomonas are known to contain strains with plant growth-

promoting abilities (Mendes et al., 2013), and a similar predominance of bacteria was also discovered 

in petroleum-contaminated sites.  

Members of Burkholderiales are frequently occurring in the rhizosphere of crop plants, 

beneficially associated with them, as well as in a variety of polluted sites, which correlates with their 

potential for biodegradation of recalcitrant organic compounds. A number of Burkholderia species are 

known to possess versatile catabolic traits that enable them to degrade root exudates, recalcitrant 

and xenobiotic pollutants (O’Sullivan & Mahenthiralingam, 2005; Suárez-Moreno et al., 2012) 

including phenanthrene and naphthalene (Seo et al., 2006; Kang et al., 2003; Kim et al., 2003). The 

Burkholderia cepacia complex (BCC) is a group of nine closely related bacterial species that have useful 

properties in the natural environment as plant pest antagonists, plant growth promoters, and 

degradative agents of toxic substrates (Chiarini et al., 2006; Revathy et al., 2015). Nearly all BCC 

species have been found in the rhizosphere of important plant crops (Ramette et al., 2005), and 

reported to degrade a variety of environmental contaminants, with degradation processes influenced 

by pH, temperature, concentration and inoculum size. Catabolic abilities of Burkholderia fungorum 

strain FLU100 were recently demonstrated with respect to mineralization of toluene and any mixture 

of benzene, chlorobenzene, bromobenzene, fluorobenzene, and iodobenzene. The aromatic ring is 
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initially metabolised by a dioxygenase and a dehydrogenase to 3-substituted catechols; complete 

degradation occurred via a ortho-cleavage pathway yielding 2-methyl-2-enelactone and further 

metabolites (Dobslaw & Engesser, 2015). Burkholderia vietnamiensis strain G4 is known to mediate 

crop protection and growth promotion (Gillis et al., 1995), as well as to degrade trichloroethylene, an 

industrial solvent and degreasing agent contaminating soil and underground water, along with many 

other aromatic hydrocarbons (Nelson et al., 1987). B. vietnamiensis G4 biofilm was successfully used 

for trichloroethylene treatment in bioreactors (Lee et al., 2003). Its catabolic plasmid pTOM carries all 

the genes required to degrade phenol, toluene, o-cresol, m-cresol and benzene (O’Sullivan et al., 

2007). Burkholderia xenovorans LB400 is considered the model organism for aerobic polychlorinated 

biphenyl (PCB) biodegradation (Goris et al., 2004). Firstly isolated from a PCB-contaminated soil from 

a landfill New York State and identified as Pseudomonas sp. LB400 (Bopp, 1986), the organisms has 

been recently reclassified as Parabulkholderia xenovorans LB400 (Sawana et al., 2014). This strain co-

metabolizes many PCB congeners (Gibson et al., 1993), as well as isoflavonoids (Seeger et al., 2003), 

diterpenoids (Smith et al., 2007) and sulfonates (Ruff et al., 2003). Eleven central aromatic catabolic 

pathways and twenty peripheral aromatic catabolic pathways have been identified by in silico analysis 

of the large 9.73 Mbp LB400 genome (Chain et al., 2006). Evidence of the functionality of the 

homogentisate and homoprotocatechuate pathways were found for the growth of LB400 on 3-

hydroxyphenylacetate and 4-hydroxyphenylacetate as sole carbon source (Méndez et al., 2011). 

Burkholderia sp. FDS-1 was isolated from soils contaminated by fenitrothion, a nitrophenolic pesticide, 

and described as an effective degrader of this contaminant (Zhonghui et al., 2005). Furthermore, 

microcosm experiments with fenitrothion-spiked soil highlighted the good performance in the 

pesticide biodegradation in a range of pollutant concentrations, soil pH and temperature, with results 

showing a complete degradation of fenitrothion by FDS-1 up to 50 mg kg-1 soil (Hong et al., 2007). 

The second most abundant order after 5 weeks of enrichment was the gammaproteobacterial 

Xanthomonadales, which comprises important hydrocarbon-degrading bacteria frequently found in 

terrestrial and marine environments contaminated with petrochemicals. Interestingly, some members 

of this order have been described as obligate hydrocarbonoclastic bacteria for their ability to utilise 

exclusively hydrocarbons as carbon source (Gutierrez, 2017). After microcosm enrichment, this group 

was dominated by members of the families Rhodanobacteraceae (genera Frateuria, Rhodanocabter, 

Luteibacter and Dyella) and Xanthomonadaceae (genera Lysobacter and Xanthomonas). A stable 

isotope probing study with 13C-labeled biphenyl, benzoate and naphthalene (Uhlik et al., 2012) 

reported the bacterial population of a long-term hydrocarbon contaminated soil. Proteobacteria were 

the principle actors in mediating biotransformation of the aromatic compounds, with members of 

Rhodanobacteraceae and Burkholderia as the main consumers of biphenyl and benzoate. The strain 
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Dyella ginsengisoli LA-4 isolated from activated sludge was reported to efficiently degrade biphenyl 

up to concentration of 500 mg L−1 within 40 h (Li et al., 2009). Phenanthrene degradation was also 

observed by Dyella sp., Luteibacter sp., and Burkholderia sp. isolated from mangrove sediments 

(Muangchinda et al., 2013).  

 

3.4.2. Functional annotation and taxonomic affiliation of catabolic genes  

 

Data analysis using COG, KEGG and SEED database showed that the majority of genes were 

involved in routine microbial activities, such as metabolism of carbohydrates, amino acids, cofactors 

and vitamins. A small portion of genes was involved in the adaptation of bacteria to hydrocarbon 

compounds and in the degradation of them; this functional category displayed an increase of relative 

abundance in samples with longer exposure to tCNSL. First steps of the aerobic degradation of 

aromatic compounds (as part of the so-called upper pathway) involve the activation of the aromatic 

ring by oxidation catalysed by mono- or dioxygenases (Ladino-Orjuela et al., 2016), typically belonging 

to Rieske non-heme iron oxygenases superfamily (Gibson & Parales, 2000), flavoprotein 

monooxygenases (van Berkel et al., 2006) or soluble diiron multicomponent oxygenases (Leahy et al., 

2003). A huge variety of hydrocarbon compounds is consequently transformed to central di- or 

trihydroxylated intermediates, which can be catechols or hydroxyl-substituted aromatic carboxylic 

acids. Further aerobic degradation of the intermediates (lower pathway) requires ring-cleavage 

catalysed by intradiol and extradiol dioxygenases, and the products of degradation are then directed 

into the tricarboxylic acid cycle. Enzymes catalysing the extradiol ring cleavage can be categorised in 

three superfamilies: type I extradiol dioxygenases of the vicinal oxygen chelate superfamily (Gerlt & 

Babbitt, 2001), type II or LigB superfamily (Sugimoto et al., 1999), and the type III cupin superfamily 

(Dunwell et al., 2000). 

The annotated protein-coding genes from the sequenced metagenomes were compared to 

the manually curated AromaDeg database and presumptive functions were assigned to a number of 

sequences that showed similarity to key enzymes known for their role in the aerobic metabolism of 

aromatic compounds. The taxonomic affiliation of the catabolic genes was also performed in the 

attempt to highlight the contribution of particular set of microbes to the reconstructed catabolic 

network. This strategy was previously applied in metagenomic and metaproteomic studies that 

investigated  the biodegradation potential of chronically crude oil-contaminated marine sediments 

(Bargiela et al., 2015b, 2015a; Guazzaroni et al., 2013). The analysis suggested that the microbial 

population after CNSL enrichment have the presumptive capacity to degrade more than 60 substrates, 

and the catabolic networks were built accordingly. A convergence of degradation reactions towards 
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the formation of central metabolites including catechol, gentisate, protocatechuate and 

homoprotocatechuate was observed. In particular, catechol confirmed its role as key intermediate in 

the biphenyl/benzoate, 2-chlorobenzoate, phenol, anthranilate and salicylate pathways. 

Subsequently, the intradiol cleavage of catechol was favoured over the meta-cleavage. Intradiol 

dioxygenases are almost exclusively found in Actinobacteria and Proteobacteria, and all Burkholderia 

genomes showed presence of catechol pathway (Pérez-Pantoja et al., 2010). Alkane hydroxylating 

enzymes and CYP153 cytochrome P450 monooxygenases, which are responsible for the oxidation of 

n-alkanes to their corresponding alkanols, were abundant and enriched in the 3W sample 

The result of the taxonomic affiliation of the catabolic genes agreed, to some extents, with 

the taxonomic reconstruction based on BLASTP affiliation of the protein-coding genes. Similarly, the 

microorganisms that contributed the most to the degradation network were among the most 

abundant members in the established microcosms after 3-5 weeks of CNSL enrichment. 

Burkholderiales was appointed as a keystone taxon within the network, contributing for the majority 

of the catabolic enzymes, followed by members of Rhizobiales. Interestingly, Rhizobiales catabolic 

potential appeared to be mostly associated with functions of the lower pathway. Well-known for their 

nitrogen-fixation role as well as for provision of nutrients, phytohormones and precursors for plant 

metabolites, members of Rhizobiales have been also reported as capable to degrade aromatic 

compounds (Carvalho et al., 2006; Huang et al., 2013; Pagé et al., 2015; Li et al., 2014b). In studies 

conducted on ryegrass, bird’s foot trefoil and willow rhizosphere members of the order Rhizobiales 

(e.g. Bradyrhizobium) proved to play important role in the alkane 1-monooxygenase- and cytochrome 

P450 monooxygenase-driven rhizoremediation of alkanes (Yousaf et al., 2010; Pagé et al., 2015). 

However, groups that resulted enriched after microcosm experiment, such as Xanthomonadales (e.g. 

Frateuria), Spinghomonadales (e.g. Sphingomonas) and Corynebacteriales (e.g. Mycobacterium), 

seemed not to contribute directly to the catabolic functions reviewed in the network. Considering that 

approximately 31% of the catabolic genes remained unclassified, it is important to underline that the 

effective utilization and catabolism of contaminants has to be considered the result of the interaction 

of multiple organisms in a specified environment. The complexity of polycyclic aromatic hydrocarbons, 

for example, imposes the cooperation of whole communities of bacteria and eukaryotes for an 

effective breakdown of these molecules. As previously reported, the cooperative interactions 

enhances the degradation rates by mechanisms of co-metabolism, synthesis of bio-surfactants, and 

adhesion via biofilm (Zhang et al., 2013; Yang et al., 2016; Kanaly & Harayama, 2000). Furthermore, 

the beneficial effect of microbe co-operation has been extensively described in plant rhizosphere, 

where the degradation of environmental contaminants is generally enhanced (Pizarro-Tobías et al., 

2015). Congruently with the result of our investigation, previous experimental data demonstrated the 
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co-occurrence and cooperation of Sphingomonas and Burkholderia in degrading consortia (Zhang et 

al., 2013). The biodegradation of diesel fuel constituents by soil microbial community occurred only 

through the cooperation of members of Burkholderia, Sphingomonas, Mycobacterium and 

Rhodanobacter, with the latter (Rhodanobacter sp. strain BPC1) identified as the most active organism 

involved in the solubilisation and mineralization of benzo[α]pyrene (Kanaly et al., 2002). The 

gammaproteobacterial Lysobacter, as part of a bacterial guild comprising different genera, was found 

to be positively correlated with petroleum hydrocarbons removal thanks to the ability to produce 

biosurfactants that increase the bioavailability of lipophilic and oily compounds enhancing their 

degradation (Hayward et al., 2010; Susilaningsih et al., 2013). The beneficial impact of endophytes and 

plant growth-promoting rhizobacteria (PGPR) in the transformation of contaminants was 

demonstrated for bacteria such as Pseudomonas, Burkholderia, Bacillus, Enterobacter, Rhizobium 

(Badri et al., 2009; Wenzel, 2009; Wang et al., 2010). The inoculation of PGPR boosted petroleum 

removal efficiency during phytoremediation in an aged petroleum contaminated soil (Hou et al., 

2015).  

It should be noted that in our study no analysis of metabolites (intermediates) was conducted 

to confirm these in silico, therefore the reconstructed network has to be considered as the assessment 

of genomic potential for biodegradation. It was furthermore proven to be useful for pinpointing genes 

for functional enzymes that increased in numbers upon incubation with CNSL, which have been 

successfully cloned, expressed and characterised (see Chapter IV and V). The combination of the 

results of the conducted analyses on the established metagenomes, allowed us to make some 

considerations that are in line with the findings of previous metagenomic studies. 
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3.5. Conclusions 

Metagenomics approach applied to the soil slurry enrichment experiment, integrated with the 

analysis of the large dataset generated, offered the possibility to unravel the soil microbial community 

complexity and its response to the perturbation caused by cashew oil addition. Key bacterial members 

inhabiting sorghum rhizosphere were identified and the differences prior to and after exposure to the 

phenolic lipids contained in cashew oil were highlighted; the modification of the indigenous 

composition was observed and the establishment of typical aromatic hydrocarbon degraders was 

promoted. Along with changes in community structure, the metagenomics-based catabolic network 

reconstruction allowed us to predict the degradation capacities of the community and the role of 

individual taxa in the utilization of aromatic substrates.  

The most abundant microorganisms were classified predominantly into Gram-negative 

Proteobacteria (Sphingomonas, Burkholderia, Bradyrhizobium, Mesorhizobium, Rhodobacteraceae) 

and Actinobacteria (Mycobacterium, Nocardioides), known to typically colonise rhizosphere habitats 

and to be involved in the degradation of polluting compounds. The increment of these bacteria 

correlated with the increase in the relative abundance of functions for important biodegradation 

pathways. Genes encoding enzymes involved in the peripheral pathways of aerobic catabolism of 

various phenolic compounds in bacteria (e.g. gentisate, benzoate, phenol, homoprotocatechuate) 

showed a positive correlation with time of enrichment. The degradation reactions appeared to be 

carried out mainly by bacteria of Burkholderiales and Rhizobiales, although 30% of the sequences 

remained unclassified. Results that suggest CNSL to be a promoting agent for bacteria with the 

capability of degrading aromatic compounds, as well as for bacteria beneficial for mobilizing nutrients 

and increasing availability of organic substrates.      

In addition, the in silico analysis of the metagenome datasets supported further significant 

outcomes described in the next chapters. The annotation of protein-coding genes with insights into 

function and conserved domains allowed to shortlist enzymes putatively capable of modifying the 

constituents of CNSL for the fulfilment of the sorgoleone synthesis pathway (Chapter IV). The genomic 

material was also used for the construction of fosmid libraries utilised for activity-based screening of 

industrially relevant enzymes (Chapter V). 

In conclusion, we demonstrated for the first time the effects of cashew oil contamination on 

the indigenous bacterial community in rhizosphere environment through metagenomics approach. In 

this context, it would be interesting to conduct experimental validation assays to prove the extent of 

agreement with the metagenomics-based predictions. 
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3.7. Appendix III 

 

Table S3.1 List of catabolic functions retrieved after functional annotation of protein-coding genes via analysis using AromaDeg and in-house validate database. Putative 

functions, substrate utilised and abbreviation are listed in the table. Normalized values performed on the total number of protein-coding genes as annotated by IMG-M 

system are indicated.  

Enzyme Substrate Abbreviatio

n 

0W 1W 3W 5W 

2,4-D and 2,4,5-T oxygenases 2,4,5-

trichlorophenoxyacetate 

245T 0.000 0.000 0.065 0.026 

2,4-D and 2,4,5-T oxygenases 2,4-Dichlorophenoxyacetate 24D 0.000 0.000 0.065 0.026 

Benzoate and 2-Chlorobenzoate dioxygenases 2-Chlorobenzoate 2CB 0.000 0.219 0.151 0.295 

4-Aminobenzenesulfonate 3,4-dioxygenase and related enzymes 4-Aminobenzenesulfonate Abs 0.000 0.274 0.216 0.116 

Aniline dioxygenases Aniline Ani 0.000 0.000 0.000 0.013 

Anthranilate dioxygenases of Burkholderia and some other organisms Anthranilate Ant 0.000 0.137 0.065 0.064 

2-Aminophenol 1,6-dioxygenase beta subunit 2-Aminophenol Apb 0.000 0.192 0.151 0.116 

Naphthalene dioxygenases of Proteobacteria  and related enzymes Biphenyl or polycyclic 

aromatic hydrocarbons 

Bph 0.000 0.000 0.022 0.026 

Benzoate and 2-Chlorobenzoate dioxygenases Benzoate Bzt 0.000 0.219 0.151 0.295 

Carbazol and diphenylamin dioxygenases Carbazol Car 0.000 0.027 0.000 0.000 

Enzymes related to 2,3-dihydroxybiphenyl dioxygenases of Bacillus sp. 

JF8 - Proteobacterial catechol 2,3-dioxygenases (EXDO 1.2 A-C as 

defined by Eltis and Bolin, 1996, EXDO 1.2D as defined by Eltis and 

Bolin, 1996) 

Catechol Cat 0.000 0.192 0.043 0.064 

Extradiol dioxygenases involved in metabolism of 2'-substituted 2,3-

dihydroxibiphenyls 

2'-Carboxy-2,3-

dihydroxybiphenyl 

Cdb 0.000 0.000 0.000 0.013 

2,3-Dihydroxy-p-cumate dioxygenases and 2,3-dihydroxy benzoate 

dioxygenases 

2,3-Dihydroxy-p-cumate Cmt 0.000 0.000 0.043 0.103 

p-Cumate dioxygenases p-Cumate Cum 0.000 0.000 0.108 0.051 

Naphthalene dioxygenases of Proteobacteria  and related enzymes Dibenzothiophene DbtA 0.000 0.000 0.022 0.026 
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Dihydroxynaphthalene dioxygenases and related enzymes in 

Proteobacteria 

dihydroxydibenzothiophene DbtC 0.000 0.000 0.022 0.026 

2,3-Dihydroxy-p-cumate dioxygenases and 2,3-dihydroxy benzoate 

dioxygenases 

2,3-dihydroxybenzoate Dbz 0.000 0.000 0.043 0.090 

Enzymes related to 5,5'-dehydrodivanillate demethylase 5,5'-Dehydrodivanillate DdV 0.000 0.000 0.000 0.013 

Enzymes involved in steroid metabolism by Proteobacteria and related 

enzymes - Enzymes most probably involved in cholesterol / steroid 

metabolism. Some enzymes with dihydroxybiphenyl dioxygenase 

activity 

3,4-dihydroxy-9,10-

seconandrost-1,3,5(10)-

triene-9,17-dionepropionate 

(3,4-DHSA 

Dha 0.000 0.027 0.323 0.154 

Enzymes most probably involved in cholesterol / steroid metabolism, 

some enzymes with dihydroxybiphenyl dioxygenase activity - 2,3-

dihydroxybiphenyl dioxygenases of Firmicutes and Actinobacteria - 

Extradiol dioxygenases of unknown function, some enzymes with 2,3-

dihydroxybiphenyl cleavage activity - 2,3-Dihydroxybiphenyl 

dioxygenases and enzymes of methylhydroquinone metabolism - 

Extradiol dioxygenases related to BphC5 of Rhodococcus erythropolis 

TA421 - Extradiol dioxygenases related to Swit 1826 DHB dioxygenases 

of Sphingomonas wittichii RW1 - Enzymes involved in steroid 

metabolism by Proteobacteria and related enzymes- Protobacterial 2,3-

dihydroxybiphenyl dioxygenases 

2,3-Dihydroxybiphenyl Dhb 0.000 0.658 0.647 0.359 

Dihydroxynaphthalene dioxygenases and related enzymes in 

Proteobacteria 

2,3-dihydroxy-1-

ethylbenzene 

Dhe 0.000 0.000 0.022 0.026 

Dihydroxynaphthalene dioxygenases and related enzymes in 

Proteobacteria 

Dihydroxynaphthalene Dhn 0.000 0.000 0.022 0.026 

Dihydroxynaphthalene dioxygenases and related enzymes in 

Proteobacteria 

Dihydroxyphenanthrene Dhp 0.000 0.000 0.022 0.026 

Extradiol dioxygenases of diterpenoid degradation 7-Oxo-11,12-

dihydroxydehydroabietate 

Dit 0.000 0.110 0.000 0.000 

Diterpenoid dioxygenases and related enzymes Abietane diterpenoids DitA 0.000 0.165 0.000 0.000 

Naphthalene dioxygenases of Proteobacteria  and related enzymes Dinitrotoluene Dnt 0.000 0.000 0.022 0.026 

Carbazol and diphenylamin dioxygenases Diphenylamine Dpa 0.000 0.027 0.000 0.000 

2,3-Dihydroxyphenylpropionate dioxygenases 2,3-

Dihydroxyphenylpropionate 

Dpp 0.000 0.192 0.151 0.026 

Gallate dioxygenases Gallate Gal 0.000 0.247 0.280 0.295 

Gentisate dioxygenases of Actinobacteria and Proteobacteria Gentisate Gen 0.000 0.219 0.517 0.321 
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1-Hydroxy-2-naphthoate dioxygenases of 1-Hydroxy-2-naphthoate Hna 0.000 0.000 0.000 0.013 

Homoprotocatechuate 3,4-dioxygenases (except of β- and γ-

Proteobacteria) - Homoprotocatechuate 2,3-dioxygenases 

Homoprotocatechuate Hpc 0.000 0.247 0.388 0.372 

Ibuprofen-CoA dioxygenases and related enzymes Ibuprofen-CoA Ibu 0.000 0.000 0.000 0.013 

Isophthalate dioxygenases and related enzymes Isophthalate Ipt 0.000 0.055 0.194 0.090 

2,3-Dihydroxybiphenyl dioxygenases and enzymes of 

methylhydroquinone metabolism 

Methylhydroquinone Mhq 0.000 0.247 0.151 0.013 

Naphthalene dioxygenases of Proteobacteria  and related enzymes Naphthalene Nah 0.000 0.000 0.022 0.026 

1-Oxo-2,3-dihydroquinoline monooxygenases and related enzymes 1-Oxo-2,3-Dihydroquinoline Odm 0.000 0.055 0.022 0.000 

3-O-methylgallate 3,4-dioxygenase DesZ 3-O-methylgallate Omg 0.000 0.165 0.108 0.051 

Protocatechuate dioxygenases Protocatechuate Pca 0.000 0.027 0.022 0.039 

Naphthalene dioxygenases of Proteobacteria  and related enzymes Phenanthrene Phn 0.000 0.055 0.022 0.026 

Phthalate 4,5-dioxygenases Phthalate Pht 0.000 0.000 0.022 0.116 

Enzymes related to phenoxybenzoate, function often unknown unknown Phenoxybenzoate Pob 0.000 0.027 0.022 0.039 

Salicylate 1-hydroxylases Salicylate Sa1 0.000 0.000 0.043 0.051 

Salicylate 5-hydroxylases Salicylate Sa5 0.000 0.274 0.022 0.077 

Gentisate dioxygenases of Actinobacteria and Proteobacteria Salicylate Sal 0.000 0.000 0.065 0.000 

Enzymes typically involved in 2,3,2'-trihydroxybiphenyl degradation 

(e.g. formed from dibenzofuran) 

2,3,2'-Trihydroxybiphenyl Thb 0.000 0.000 0.022 0.013 

Dihydroxynaphthalene dioxygenases and related enzymes in 

Proteobacteria 

1,2-dihydroxy-5,6,7,8-

tetrahydronaphthalene 

Thn 0.000 0.000 0.022 0.026 

Terephthalate dioxygenases Terephthalate Tph 0.000 0.055 0.043 0.026 

Carboxymuconate cycloisomerase 3-Carboxy-cis,cis-muconate McyI 0.000 0.302 0.237 0.321 

4-hydroxyphenylpyruvate dioxygenase - 4-Hydroxyphenylpyruvate 

dioxygenase 

4-Hydroxyphenylpyruvate 4HPPD 0.000 0.219 0.065 0.090 

Alkane hydroxylase Alkane AlkB 

CYP153 

0.259 0.165 0.884 0.372 

Catechol 1,2-dioxygenase Catechol C1,2-O 0.000 0.494 0.560 0.436 

 4-Hydroxyphenylacetate dioxygenase Homogentisate 4HPA3MO 0.000 0.000 0.000 0.013 
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Homogentisate 1,2-dioxygenase Homogentisate H1,2-O 0.000 0.082 0.086 0.064 

Maleylacetate reductase Maleylacetate MAR 0.000 0.247 0.259 0.141 

Phenol hydroxylase Phenol PH 0.000 0.137 0.172 0.205 

Protocatechuate 3,4-dioxygenase Protocatechuate 3,4-PCD 0.000 0.000 0.043 0.026 
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CHAPTER VI  

General Discussion and Conclusions 

 

The overall aim of this work, which was part of the BBSRC and Innovate UK-funded project 

“Biotechnology for anti-weeds” carried out in collaboration with the BioComposites Centre (Bangor 

University, UK), and with Almac Group (Craigavon, UK) and Hockley International (Manchester, UK) as 

industrial partners, was to identify and characterise novel biocatalysts of industrial interest that can 

sustain enzyme-based “greener” processes. Many chemical synthetic processes require harsh and 

hazardous conditions, such as high temperatures and pressures, acidic or alkaline reaction conditions, 

which result in high-energy costs as well as in a negative impact on the environment. Furthermore, 

the low specificity of these reactions may produce unwanted side products that may be costly to 

remove, harmful for the environment and can lead to a lower overall product yield. The 

implementation of biocatalysts in the form of isolated enzymes or whole cells proved to be an effective 

strategy to mitigate these issues and promoted the development of a wide-range of biotechnological 

applications (Lorenz & Eck, 2005). The characteristic properties of the enzymes, including the 

substrate and stereo-specificity, the versatility in the catalysed reactions, and the mild operating 

conditions, justify the exceptional growth of the enzyme market and the constant demand in new 

enzymes. 

The first objective of the project was to develop an enzymatic route for the production of the 

novel bio-herbicide sorgoleone. Sorgoleone, the natural component of sorghum root exudate, has 

demonstrated in a number of studies its potent activity as a broad range anti-weed compound (Dayan 

et al., 2010). Its synthesis was hypothesized through enzymatic conversion of a widely available 

substrate, the phenolic lipid cardol triene (5-pentadecatrienyl resorcinol), the component of the 

Cashew Nut Shell Liquid (CNSL). The identification and characterization of microbial activities 

necessary for the fulfilment of the enzymatic process and the optimization of the reaction conditions 

were the key stages of this investigation. In addition, the microbial enzymatic diversity was further 

explored with the intention of identifying novel biocatalysts with potential applications in industry. 

Metagenomic approaches were applied in order to accomplish the objectives of this study. 

Metagenomics is a powerful method to unravel the uncultured microbial diversity and its biochemical 

potential; it has successfully been applied in several studies to a variety of environmental samples (e.g. 

soil, water, sediment, rumen, human gut) characterised by the most diverse physical, biological and 

chemical conditions. Thanks to metagenomics studies, the microbial composition of unexplored 
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niches was enlightened and novel candidate catalysts required by the market were identified (Ferrer 

et al., 2016; Lam et al., 2015). 

The rhizobiome is strongly influenced by root activity where plant secretion is a key 

determinant of its structure (De-la-Pena & Loyola-Vargas, 2014). Therefore, the rhizosphere of 

Sorghum bicolor plants was chosen as starting material of our investigation. In fact, it is in the 

rhizosphere of sorghum plants that the exudation of the unique herbicidal metabolite is localised 

during the germination and development of the plant. After the germination of sorghum seedlings, an 

enrichment step was carried out through the addition of CNSL directly in soil and again in flasks in 

mineral medium. In this way, we aimed to stimulate the preferential growth of microorganisms that 

possess the enzymatic machinery for utilisation or conversion of aromatic lipophilic constituents of 

the cashew seed oil. Samples of the enriched soil slurry were collected systematically at different 

timepoints, and the metagenomic DNA was isolated and used for the construction of fosmid clone 

libraries and de novo sequencing by Illumina platform. 

Firstly, de novo sequencing of the environmental DNA allowed the definition of the taxonomic 

configuration of the sample throughout the enrichment process. Modifications in the relative 

abundance of the included taxonomic groups was observed, suggesting a possible adaptation of the 

community to the presence of tCNSL. The culture-independent characterization revealed a clear 

predominance of Proteobacteria, as previously found in contaminated soil samples (Greer et al., 

2010). Proteobacteria were represented by members of the orders Burkholderiales, 

Xhantomonadales, Rhizobiales and Sphingomonadales, similarly to those in previously studied oil-

contaminated sites where these bacteria proved their ability to degrade aromatic and polyaromatic 

hydrocarbons (Gutierrez, 2017). Among Actinobacteria, genera Mycobacterium and Nocardioides 

were strongly enriched. The phylum Bacteroidetes is known to comprise microorganisms involved in 

the degradation of organic compounds (Thomas et al., 2011), and representatives of this phylum 

showed an increase in their abundance after five weeks from the beginning of the enrichment. Further 

evidence of the community adaptation was provided by the interpretation of the metagenomic data 

from a functional point of view, which highlighted an increase in protein-coding genes associated with 

the degradation of aromatic compounds. The pathways converging around the formation of central 

intermediates, catechol and protocatechuate, were particularly enriched, followed by dioxygenases 

catalysing the breakdown of gentisate, gallate and homoprotocatechuate. Interestingly, the majority 

of the identified catabolic genes were affiliated to Burkholderiales and Rhizobiales, that are known to 

be potentially the most versatile and efficient degraders.  

Successively, the annotated protein-coding genes and the fosmid libraries generated from the 

same genomic material were used for the mining of the biocatalysts of interest. The first step of the 
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hypothesised sorgoleone synthetic pathway requires the methylation of one hydroxyl group on the 

aromatic moiety of cardol triene. Therefore, efforts were directed to the screening of O-

methyltransferases (OMTs) capable of accommodating cardol triene as substrate. Initially, the 

methyltransferase SbOMT3 (Baerson et al., 2010) encoded by a E. coli codon usage adapted synthetic 

version of the sorghum gene was tested; in a previous study, this methyltransferase was isolated from 

sorghum root hairs and described as putatively involved in the biosynthetic pathway of sorgoleone 

(Baerson et al., 2008). No activity was observed against cardol triene under the conditions applied. 

Following the inconclusive result of the functional screening of the fosmid libraries, the homology 

screening strategy was attempted. The comparison with protein databases allowed for the selection 

of a set of putative SAM dependent O-methyltransferases. The recombinant OMTs were tested using 

in vitro enzymatic assays and one active enzyme (OMT33) towards our substrate was identified. This 

methyltransferase from Mycobacterium sp., one of the microorganisms favoured by tCNSL microcosm 

enrichment with an approximate 18-fold increase in relative abundance compared to not enriched 

rhizosphere community, was annotated in the nr database as a hydroxyneurosporene 

methyltransferase with no biochemical information; biochemical characterization of the protein 

allowed to define the optimal conditions for maximisation of substrate conversion, that was estimated 

at approximately 75%. Furthermore, OMT33 revealed substrate promiscuity towards structurally 

different aromatic compounds, such us vanillin, orcinol and resorcinol, which may open the possibility 

for other biotechnological applications. In a further effort of minimising the cost of the enzymatic 

process, the necessary cofactor SAM was enzymatically produced through the recombinant bacterial 

MetK SAM synthetase; the simultaneous production of the cofactor and utilization in cardol 

methylation in the same reaction system produced promising results. Finally, the identification of 

OMT33 shed a new light to the properties of numerous homologous proteins ambiguously annotated 

in public databases and represented a decisive step towards setting up the process for the industrial 

production of the new bio-herbicide sorgoleone.  

The second step of the sorgoleone enzymatic production involves the dihydroxylation of the 

aromatic moiety of the methylated intermediate (3-methyl-5-pentadecatrienyl resorcinol) to produce 

dihydrosorgoleone, direct precursor of sorgoleone. This reaction is likely to be catalysed in vivo by one 

or multiple cytochrome P450 monooxigenases (Pan et al., 2018). As with the functional screening 

performed for methyltransferase activities, the fosmid libraries were mined in the attempt of isolating 

active bacterial monooxygenases. In addition, a panel of plant P450 genes was synthesised with E.coli 

codon usage, comprising of sorghum P450s hypothetically involved in the sorgoleone biosynthesis and 

other proteins with reasonable identity. No activity was observed against the designated substrate 

during this screening. Due to the inconclusive result, the description of the work conducted on this 
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matter was not included in this thesis. Nevertheless, a sequence-based screening approach was not 

tested yet and the possibility of finding a suitable biocatalyst within the annotated metagenome is still 

valid. However, researches conducted by our partners at the BioComposites Centre identified a simple 

and selective method to perform the second hydroxylation step through the oxidation reaction with 

hydrogen peroxide. A semi-synthetic production route was therefore proposed, and sorgoleone was 

produced in amounts sufficient for toxicity and herbicidal activity tests that are currently being 

evaluated by Hockley International Ltd. 

The established fosmid libraries were also screened for other common targets, including 

lipases/esterases, glycosyl hydrolases and proteases. Functional screening protocols for hydrolytic 

activities are well-established and are usually performed on agar plates incorporating specific 

substrates (Placido et al., 2015). A number of positive hits were visualised by the appearance of clear 

zone of lipolysis or by the development of particular colour. The majority of the sequences were 

coming from alphaproteobacterial microorganisms, such as Sphingomonadales and Rhizobiales, 

particularly enriched in our soil samples. Four esterases that appeared extremely active from in vivo 

lipolytic assay were biochemically characterized. The novel metagenomic esterases, which did not 

have any previous records on functionalities, displayed organic solvent stability and prominent 

substrate promiscuity, both being attractive properties for possible industrial applications. Substrate 

promiscuity, together with catalytic promiscuity, are interesting features observed in some enzymes 

and they represent a diversion from the universally accepted enzyme specificity model referred to as 

“lock and key”. Possible mechanisms and practical implications in the development of biocatalysts for 

organic synthesis have been recently reviewed (Gupta, 2016; Arora et al., 2014). Promiscuous 

enzymes are being frequently exploited in applied enzymology, furthermore, the application of 

rational protein engineering on a promiscuous enzyme can be the starting point for the creation of a 

new enzyme activity (Schmidt et al., 2003; Aharoni et al., 2005). The discovery of these new esterases 

fits in the recent trend of the metagenomic investigations for novel biocatalysts focused especially on 

lipases and esterases, which are extensively used for many industrial applications (López-López et al., 

2014). A recent survey analysed and compared the substrate promiscuity of more than one hundred 

metagenomic esterases (Martínez-Martínez et al., 2018), including model industrial catalysts such as 

Lipase B (CALB) from Candida antarctica, a well-studied enzyme catalysing a surprising diversity of 

reactions including many different regio- and enantio-selective syntheses. Unexpectedly, the 

esterases isolated from the sorghum rhizosphere were capable of hydrolysing a number of substrates 

higher of than the majority of the enzymes in that collection. Crystal structures of the esterases were 

resolved: these data will add a considerable knowledge on the mechanisms of enzyme promiscuity 

and support the improvement of tools for the prediction of esterases substrate promiscuity (Martínez-
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Martínez et al., 2018), besides opening the way for the design of new efficient catalysts for synthetic 

reactions.  

In conclusion, the outcomes of this PhD work pinpointed the enormous potential of 

enrichment protocols combined with metagenomics analyses for the identification of novel powerful 

biocatalysts and for the disclosure of the microbial diversity within complex environmental samples. 

The results have also highlighted several key areas for further research: 

 Sequence-based screening of the sorghum rhizosphere enriched metagenome for 

CYP450 monooxygenases activities performing the conversion of 3-methyl-5-

pentadecatrienyl resorcinol into dihydrosorgoleone. In this way, the complete enzymatic 

route for the production of sorgoleone would be possible. 

 Preparation of mutants of the methyltransferase OMT33 using random and site-directed 

mutagenesis in order to enhance enzyme properties, such as activity, thermostability,  

and substrate specificity. 

 Setting up of a cost-effective scalable process for the industrial production of sorgoleone. 

The process development would involve optimization of factors such as substrate 

concentration, enzyme formulation, cofactor recycling, use of solvents, product 

extraction and purification. 

 Site-directed mutagenesis of the metagenomic esterases in order to further expand the 

substrate promiscuity and enhance temperature stability and solvent stability. 
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