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Abstract

:

Lignin is an aromatic biopolymer involved in providing structural support to plant cell walls. Compared to the other cell wall polymers, i.e., cellulose and hemicelluloses, lignin has been considered a hindrance in cellulosic bioethanol production due to the complexity involved in its separation from other polymers of various biomass feedstocks. Nevertheless, lignin is a potential source of valuable aromatic chemical compounds and upgradable building blocks. Though the biosynthetic pathway of lignin has been elucidated in great detail, the random nature of the polymerization (free radical coupling) process poses challenges for its depolymerization into valuable bioproducts. The absence of specific methodologies for lignin degradation represents an important opportunity for research and development. This review highlights research development in lignin biosynthesis, lignin genetic engineering and different biological and chemical means of depolymerization used to convert lignin into biofuels and bioproducts.
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1. Introduction


Chemical resources are in continuous demand by developed and developing countries alike, and it is estimated that there will be a 50% increase in consumption of plant resources for food and fuel by 2050 [1,2]. Coupled with this is the growing demand for cleaner and renewable sources of chemicals for fuels and products. Currently, the energy demand is met by the use of fossil fuel, a non-renewable energy source, which results in an increase in greenhouse gas emissions. Alternatively, solar, wind, hydroelectric and biomass could stand as eminent sources for producing renewable energy, while reducing the amount of greenhouse gases produced by petroleum based resources. Biomass (wood residues and pulping liquor)-derived energy accounts for more than the combined amount produced from hydroelectric and geothermal sources in the United States as of 2005 [3]. Also, only biomass retains the capacity to produce liquid biofuels and byproducts. The word biofuel encompasses a variety of transportation fuels such as bioethanol, butanol, biooil and biodiesel. Though all of these biofuels are derived from plant material, the source of raw material (biomass or seeds) and the production processes are different. Bioethanol is derived from converting the depolymerized starch, sugars or lignocellulosic material into ethanol by fermentation process. Biooil is produced by pyrolysis of whole plant biomass, particularly high-lignin biomass, to produce energy dense fuels [4], while biodiesel is produced by the transesterification of vegetable oil or other lipids [5].



The first-generation biofuels were produced from food crop materials such as corn, sugarcane, and palm oil which led to a food/fuel competition [6]. Using food crops for biofuel production resulted in an increase in the price of food grains and other allied products [7]. The use of farm produce for biofuels is difficult to justify whilst malnutrition is still a major problem in the world [7,8]. The food/fuel competition resulted in the exploration of alternative feedstocks for biofuel production i.e., lignocellulosic material. Lignocellulosic components of plant cell walls, like cellulose, hemicellulose and lignin [9], represent an interesting and challenging opportunity for producing cleaner and renewable liquid fuels. Utilization of lignocellulosic material for biofuel and biochemical production could greatly reduce CO2 emissions [10,11]. In order to meet the worldwide energy demand, increased focus on efficient plant breeding, biotechnology and process development will be needed along with collaboration between the fuel and energy sectors [5,12,13,14].




2. Lignocellulosic Biomass, the Focus of Second-Generation Biofuels


Feedstock, in the context of the biofuel industry, represents any biomass that is used as a raw material for the production of biofuels. Plant organs such as fruits, seeds, and tubers, from various crops such as rapeseed, corn, sunflower, soybean, cotton and palm that store simpler starch and lipids, were used for first-generation ethanol and biodiesel production (Figure 1). Alternatively, the entire above-ground plant biomass known as lignocellulosic feedstock is used for the production of second-generation biofuels.



The term lignocellulosic feedstocks refer to the inedible stems and leaves of the above-ground plant body. Dedicated biofuel crops such as switchgrass (Panicum virgatum), miscanthus (Miscanthus spp.), sorghum (Sorghum spp.) and eucalyptus (Eucalyptus spp.) are grown, and some of these crops are adapted to poor soils and marginal agricultural lands [15], reducing the land use competition for food crops (Figure 1). Apart from dedicated biofuel crops, there are other sources of lignocellulosic materials such as agricultural and industrial waste. Plant organs that are unsuitable for human consumption are mostly considered agricultural waste. The dried stalk (straw) of grain crops such as maize, soja, rice, wheat, yucca and barley are the main sources of agricultural waste that can be used for the production of biofuels. Though this type of agricultural waste represents a great source of lignocellulosic material, pelleting and transportation are major concerns.
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Figure 1. Biomass feedstocks and their utilization in the production of biofuels, bioenergy and bioproducts. The figure includes the first- and second-generation feedstocks and their utilization for different bioproducts (liquid biofuels, biochar, bioelectricity and biogas). 






Figure 1. Biomass feedstocks and their utilization in the production of biofuels, bioenergy and bioproducts. The figure includes the first- and second-generation feedstocks and their utilization for different bioproducts (liquid biofuels, biochar, bioelectricity and biogas).



[image: Energies 08 07654 g001]





High density feedstocks such as the drupe fruit endocarps (shells) of olives, eastern black walnut and coconut have the highest lignin content of all known plant organs, and the energy derived from the endocarp is comparable to coal [16]. The endocarp is an inedible portion of an edible fruit, and therefore, can be considered for dual purposes: food and fuel. Coconut shell, for example, has no use as a human or animal feed and is not reintegrated into the soil. The fruit endocarp material has high energy density due to its high-lignin content and can be an excellent feedstock for the production of bioelectricity by gasification or high-energy dense biooil via pyrolysis. There are about 24 to 31 million tons of drupe endocarp biomass available in the world [10], which is highly underutilized, and a recent assessment suggests that proper utilization could benefit the countries with energy scarcity [16]. Additionally, other forms of agricultural (forest thinnings, cotton linters) and industrial wastes (sugarcane bagasse, paper and pulping waste) could be used as lignocellulosic feedstocks. Apart from dry wastes, wet biomass can also be utilized for the production of biogas, a mixture of mainly carbon dioxide and methane [17].



The cell wall of plant biomass consists of several major polymers: cellulose, hemicellulose, lignin, and minor components such as organic acids, proteins, tannins as well as secondary metabolites of intrinsic value. The composition of lignocellulosic material varies between different species, varieties, plant parts and environmental conditions (Table 1, [16,18]). This is particularly noticed between angiosperm (hardwoods) and gymnosperm (softwoods) plants [18,19]. Apart from the biological and environmental elements, other factors such as harvesting time, method and storage conditions also affect the composition of the feedstocks [20]. The variability of the lignocellulosic material creates problems in selecting or developing efficient processing methods [21].



Bioethanol production from cellulose is plagued by the pretreatment costs of the biomass to partially separate cellulose from lignin and to allow for enzymatic hydrolysis. Here, the presence of lignin hinders the microbial enzymatic reaction due to its complex structure and inhibitorial properties on sugar and ion transport systems in the microbial cell membranes [22]. Although lignin’s richness in aromatic compounds is beneficial for bioproduct industries, there is difficulty in finding a catalyst to cleave the random chemical bonds present in lignin without repolymerization [19,23]. A complete understanding of the lignin biosynthetic pathway, including the underlying regulatory mechanisms, is essential for efficiently engineering and harnessing the energy stored in lignocellulosic material.




3. Lignin Biosynthesis and Composition


Lignin is the second most abundant polymer present in lignocellulosic material, and it is deposited in the walls of certain specialized plant cells, which undergo secondary cell wall biosynthesis. Apart from providing mechanical support to the sap-conducting xylem cells, lignin also plays an important role in plant defense, in seed dispersal and in the formation of an apoplastic diffusion barrier in the roots [24,25,26,27]. The existence of lignin in the cell wall of land plants has contributed to their capacity to conquer terrestrial environments and to protect themselves against various biotic and abiotic stresses [28,29]. Structurally, lignin is a complex heteropolymer consisting of three main canonical units, namely, p-coumaryl (H), coniferyl (G), and sinapyl (S) monomers [30], which are derived from the phenylpropanoid pathway. The monomers vary in the degree of methoxylation of the aromatic ring at the ortho-, meta- and para-positions [31]. Phenylalanine, the primary substrate in the lignin biosynthetic pathway, is derived from the shikimate pathway and then modified by the enzyme phenylalanine ammonia lyase (PAL) to form cinnamic acid. Subsequently, a series of enzymes such as hydroxylases [p-coumarate-3-hydroxylase (C3H), cinnamate-4-hydroxylase (C4H), ferulate-5-hydroxylase (F5H)], methyl transferases [caffeic acid-O-methyltransferase (COMT), caffeoyl-CoA-O-methyltransferase (CCoAOMT)], reductases [cinnamoyl-CoA-reductase (CCR)], and dehydrogenases [cinnamyl alcohol dehydrogenase (CAD), sinapyl alcohol dehydrogenase (SAD)], produce lignin biosynthetic pathway components such as alcohols, acids and aldehydes [30]. These components are utilized for the lignin biosynthesis and for the production of other aromatic compounds. The biosynthetic pathways leading to naringenin, flavonoid and anthocyanins (flavor and color compounds of considerable economic importance) on one side and lignin on the other side, have been elsewhere reviewed [30].
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Table 1. Lignin variation between systematic divisions and species.
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Division

	
Lignin Occurrence and Composition

	
Interspecies Variation

	
Cell Wall Composition (%)

	
References




	
Cellulose

	
Hemicellulose

	
Lignin






	
Algae

	
Vary in the composition of G, H and S subunits over time

	
Though lignin is not present in algae, some exceptions exist:

	■

	
In Calliarthron cheilosporioides, S subunit of lignin is found




	■

	
In some sea weeds, compounds resembling lignin are found







	
~70

	
~43

	
NA

	
[32,33,34,35,36]




	
Bryophytes

	
Mostly intermediate compounds like 1,3,5-hydroxybenzene

	
Most bryophytes lack lignin

	■

	
In Dawsonia sp. and Dendroligotrichum sp., 6%–10% of gametophyte axes contain lignin like compounds







	
NA

	
NA

	
NA

	
[32,37,38]




	
Pteridophytes

	
Present in the vascular system (tracheary elements). Mostly G and H subunits and rarely S subunits

	
High variation is seen in S subunit composition:

	■

	
In Equisetum silvaticum, up to 10% S subunits are present




	■

	
In Selaginella martensii, 43% of S subunits are present in lignin







	
~50

	
NA

	
~14

	
[32,39,40,41]




	
Gymnosperms

	
Present in the vascular system (tracheary elements). Mostly G and H subunits and lesser amounts of S subunits

	
High variation is seen in S subunit composition:

	■

	
Unlike in stems of Ginkgo biloba containing 1% of S subunits, in suspension cultures up to 11% of S subunits are present




	■

	
In Ephedra viridis, 60% of S subunits are present in lignin







	
NA

	
NA

	
~30

	
[32,39,42]




	
Angiosperms (Monocots)

	
Present in vascular system (tracheary element and fibers). Significant amounts of all three G, S and H subunits

	
Variation is seen in phenolic acid content of lignin:

	■

	
In Maize bran, p-coumarates and ferulates account up to 4% of lignin composition




	■

	
In some C4 grasses, p-coumarate acrylates accounts 20% of the lignin present







	
20–45

	
20–50

	
20

	
[32,43,44,45]




	
Angiosperms (Dicots)

	
Present in vascular system (tracheary element and fibers). Mostly G and S subunits and minor level of H subunits

	
Varies between 10%–20% in different species

	
15–50

	
5–30

	
7–10

	
[32,34,45]








NA: data Not Available.







Once synthesized, the monomeric lignin subunits are transported across the plasma membrane into the apoplastic space by transporters. Thus far one transporter, the adenosine triphosphate (ATP)-binding cassette (ABC) transporter, has been reported to be involved in para-coumaryl alcohol transport [46]. The transporters involved in the other two monolignols have not been discovered. Once exported, the monolignols are converted into free radicals (tautomeric structures) by the action of phenol-oxidizing enzymes such as laccases and peroxidases [47]. These free radicals form the lignin polymer by a random coupling process in the cell wall and middle lamellae of cells undergoing the lignification process. The lignin composition and structure depend on the availability of monomers and the type of bonds formed during the polymerization. The formation of condensed (5-5′, β-5′, β-β, β-1′) or non-condensed bonds (β-O-4′, 4-O-5′, 5-O-4′) depends upon the spatial constraints posed by the surrounding polymers, the availability of lignin monomers and the reactive ends present on the available monomeric subunits [48].



Since these free radicals are produced by the phenol oxidases which have substrate specificity, the expression of phenol oxidases determines the composition of the polymer. Laccases are a large group of phenol oxidizing enzymes with a multitude of functions [49], including free radical formation. Recent study in Arabidopsis (Arabidopsis thaliana) using Transfer-DNA (T-DNA) mutants, showed a preferential selection of a specific lignin monomer (coumaryl monomer units) by laccase (LAC) 17 in the sclerenchymal cells of developing stems [50]. Arabidopsis laccase 4 and 17 are involved in the secondary cell wall lignification of the protoxylem [51]. In Brachypodium distachyon, for instance, laccase 5 was shown to be responsible for culm lignification [52], hence the expression of phenol oxidases is important for lignification. Apart from laccases, peroxidases are another class of oxidizing enzymes that act non-redundantly with laccases in the free radical formation [53]. Overall, lignin biosynthesis has several enzymes, transporters and phenol oxidases which determine the final lignin polymer composition. The presence/absence of genes or variation in gene expression largely influences lignin deposition at the cellular level, which is then reflected at a higher organismal level (Table 1, [28]).



3.1. Lignin Composition and Structure Analysis


Though the lignin biosynthetic pathway produces monolignols, the polymerization process depends on the monolignol export, oxidizing enzymes and the availability of monomers in the apoplastic region of the cell. Hence, the exact composition of lignin is highly variable in different cell types, tissues and organs, and therefore, it is essential to know the detailed composition for gene functional studies. This requires compositional and structural analytical methods to study the nature of lignin in different cell types, tissues or organs within a plant. For example the lignin content and composition of coconut shell is different from coconut wood. So, apart from understanding the biosynthetic pathways, it is important to analyze the structure and composition of lignin to have a comprehensive understanding of the lignification process.



Lignin structural analysis requires careful extraction without altering the native structure of the polymer while compositional analysis needs complete breakdown of the polymer into monomers. Degradative techniques such as oxidation, reduction, hydrolysis and acidolysis are used for the lignin compositional analysis, while derivatization techniques such as thioglycolic acid (TGA) and acetyl bromide (ACBR) are used for the structural analysis (Figure 2). The end products obtained from the degradation of lignin vary based on the lignin composition, and the end products are analyzed by using techniques such as gas chromatography, mass spectroscopy and proton nuclear magnetic resonance (1H-NMR) spectroscopy.
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Figure 2. Lignin substructure and analytical methods. Destructive methods (acid hydrolysis, oxidation and reduction) result in breakdown products that can be used to quantify the lignin. Non-destructive methods like TGA (thioglycolic acid) and ACBR (acetyl bromide) add functional groups to the lignin structure, thereby modifying its solubility, which helps in quantifying the lignin content/composition using UV absorbance. (HCl- hydrochloric acid; BF3- boron trifluoride; EtSH- ethanethiol; Et2O- diethyl ether; Zn- zinc). 
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3.1.1. Degradative Analytical Techniques (Oxidation, Reduction, Hydrolysis and Acidolysis)


The oxidation of lignin is carried out using various oxidizing agents, like nitrobenzene, cupric oxide and potassium permanganate, which break down the side chains present in lignin, thereby leaving aromatic ring end products. For example, in nitrobenzene oxidation, lignin is reacted with nitrobenzene under high temperature in alkaline conditions resulting in oxidation products like guaiacol, vanillic acid and 5-carboxyvanillin [54]. This technique provides information on the aromatic ring structures present in lignin. Since oxidative techniques do not provide any information on the side chain structure present in lignin, ozonolysis, another degradative method, can be used to determine the side chain structure. In ozonolysis, the unsaturated chemical bonds present in the aromatic ring are targeted, leaving the side chains in the form of carboxylic acid end products such as glycolic, oxalic and formic acids [55]. These two techniques complement each other in providing the detailed information on the lignin structure.



The most widely used degradative techniques to study the lignin subunit composition are acidolysis and thioacidolysis. In these methods, the most commonly present (70% of lignin) arylglycerol-β-arylether bond in lignin is broken, resulting in end products such as cinnamic acid, benzaldehyde, phenones and quinoids [56]. The thioacidolysis method has an advantage over acidolysis in detecting the 5-5′ and 5-O-4′ bonded dimers. However, both these methods have limitations in detecting compounds that contain only β-arylether bonds. Also, the use of highly acidic conditions makes it difficult to identify the end products obtained from these two methods [56].



In order to overcome the limitations in acidolysis and thioacidolysis methods, a much simpler method called as Derivatization Followed by Reductive Cleavage (DFRC) of lignin was developed. In this method, lignin is derivatized using acetyl bromide, and the resulting benzyl bromides are cleaved using zinc dust to produce cinnamyl alcohol derivatives [57]. By using the DFRC method, novel compounds like isochroman are identified in lignin. Though the presence of different chemical subunits in lignin is studied using different degradative techniques as stated earlier, the entire representation of different monomeric compounds present in lignin is usually undermined due to the selective targeting of chemical bonds by these different methods.




3.1.2. Non-Degradative Analytical Techniques (Thioglycolic Acid–TGA and Acetyl Bromide–ACBR)


In order to have an overall structural analysis of lignin and to study the macromolecular properties of lignin such as size, structure and degree of polymerization, non-degradative techniques like TGA and ACBR are used [58,59]. In these two methods, the lignin is derivatized by adding functional groups to the β-O′-4 units and then solubilizing the lignin in suitable solvents for further analysis. The solubilized lignin is analyzed by size exclusion chromatographic (SEC) techniques to study the size and conformation of the polymer. The native structure of polymer is preserved during both the extraction and derivatization procedures. (Figure 2 and Table 2).
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Table 2. Lignin derivatization methods with targeted substrate & resulting products.
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Derivatization Method

	
Targeted Substrate

	
Product

	
Reference






	
Nitrobenzene oxidation

	
Side chains of phenyl ring

	
Breaks side chains and leaves aromatic ring

	
[54]




	
Derivatization followed by Reductive Cleavage

	
α- & β-aryl ether bonds

	
4-acetoxy cinnamylacetate Coniferyl diacetate Sinapyl diacetate

	
[57]




	
Ozonolysis

	
Unsaturated bonds of phenyl ring

	
Carboxylic acid

	
[55]




	
Acidolysis

	
Aryl glycerol-β-aryl ether

	
Single ring aromatic compounds

	
[56]




	
Thio acidolysis

	
Aryl glycerol-β-aryl ether

	
Single ring aromatic compounds & dimers with 5-5 & 5-O-4 links

	
[56]




	
ThioGlycolic Acid

	
β-aryl ether bonds

	
Thioglycolic group substituted lignin polymer

	
[58]




	
Acetyl bromide

	
α- & β-aryl ether bonds

	
Acetyl bromide group substituted lignin polymer

	
[59]









However, the limitations of SEC are the approximate determination of the molar mass based on the UV absorbance and the lengthy elution time [60]. Moreover, the structure/conformation of the lignin polymer cannot be studied by the UV absorption method. To overcome this limitation, the dynamic light scattering method was developed to accurately determine the molar mass and shape distribution of the polymer [60]. The use of proper non-degradative extraction methods coupled with SEC can be used to determine the lignin structure.






4. Lignin Bioengineering for Efficient Utilization of Plant Biomass


For efficient utilization of plant biomass and reduction of pretreatment costs in bioethanol production, the recalcitrant matrix of cell wall polysaccharides has to be engineered to reduce the biomass recalcitrance. Lignin is considered as a major component that causes biomass recalcitrance. Reduction in lignin content by various methods resulted in improved biomass digestibility and reduced recalcitrance. Plant biomass with less lignin can be produced by down-regulating/knocking-out the lignin biosynthetic genes using various genetic and molecular techniques. On the other hand, improving lignin content is beneficial to increase the energy density of the biomass or to incorporate high value chemicals into the lignin polymer. Higher amounts of lignin or incorporation of a particular non-canonical monomer can be achieved by over-expressing lignin biosynthetic or phenol oxidizing genes in plants. The following section summarizes the recent research progress in lignin genetic engineering.



4.1. Reducing the Lignin Content/Altering the Composition for Easy Separation of Polysaccharides


As described in the lignin biosynthesis section, there are several enzymes and transporters involved in lignin polymer production. Both forward and reverse genetic studies helped in identification and characterization of the genes involved in the lignin biosynthetic pathway. Some of these studies resulted in immediate and direct practical applications. The oldest dated naturally occurring lignin mutants were first described in maize in 1924 [61] under the name of brown midrib mutants (bmr) due to the typical accumulation of a brown/red pigment in the midrib. The mutants were characterized by low lignin content and increased digestibility [62,63]. Screening of chemically induced mutant populations subsequently expanded the number of brown midrib lines in maize and sorghum [64]. At a later stage, the nature of the pigment was determined to be an intermediate of the lignin pathway, resulting from mutations in lignin biosynthetic genes, primarily the COMT gene [64]. In addition to bmr mutants, other forms of phenylpropanoid mutants were also described [65,66]. For instance, the sorghum RG (REDforGREEN) mutant displayed an antithetic leaf shoot lignin accumulation with an increase in the saccharification efficiency [65].



Gene expression manipulation of the lignin biosynthetic genes leads to altered lignin composition or content. Many studies using T-DNA insertion mutagenesis and RNA interference technologies showed the knock-out/knock-down of genes involved in lignin biosynthesis resulting in a considerable reduction (10%–50%) of overall lignin content of the transgenic plants [67]. The lignin reduction in plant biomass often comes with a fitness cost, which might compromise the plant’s ability to withstand biotic and abiotic stresses. These genetically engineered low lignin plants are often weak and produce lower total biomass due to the lack of lignin deposition in structural cells like xylem, tracheary elements and vessels [67]. Additionally, genetic engineering of lignin can affect related secondary metabolite biosynthesis (flavonoids, coumarins and phenolic compounds), influencing normal plant growth and development [67]. Hence, the lignin bioengineering must take these issues into account for designing the genetic engineering strategies.



Improved biomass digestibility, without reducing lignin content, can be achieved by altering the lignin composition. As described earlier, the lignin polymer is formed by free radical coupling of the available monomeric units in the apoplastic region. Enhancing the availability can result in higher incorporation of a particular monomer into the polymer. The manipulation of lignin composition results in altered properties. Over-expression of the ferulate 5-hydroxylase gene in Arabidopsis resulted in an increase in S subunit incorporation into the lignin [68]. The modified monomeric ratio may result in the altered properties of the lignin polymer due to the chemical properties of the monomers. The extent of methoxylation in the H, G and S subunits differs in the order S > G > H, and the extent of condensed lignin formation from these three monomers differs in the order H > G > S [69]. Altered composition of these monomers has been shown to influence the biomass digestibility properties. Enhanced incorporation of G lignin negatively affected the glucose yield from the biomass when compared to the lignin enriched with S subunits in Arabidopsis cell walls [70]. This phenomenon was also observed in COMT down-regulated transgenic tobacco plants. Down-regulation of COMT led to an increased S/G ratio of the lignin and resulted in better digestibility, however, it was accompanied by a reduced lignin content [71]. Incorporation of alternative, non-canonical lignin monomers, like hydroxyl-benzaldehyde, resulted in a lower molecular weight lignin, leading to a better digestibility of Arabidopsis biomass without altering the lignin strength [72].



Apart from manipulating the lignin biosynthetic genes, lignin composition can be altered by manipulating the phenol oxidase genes. Since these enzymes have substrate specificity and reside in the apoplastic region to form free radicals for random polymerization, it is possible to manipulate the lignin composition with the help of these enzymes. Laccases have high substrate specificity and different substrates have been identified for different laccase enzymes [73]. Several studies indicated that the absence of a particular laccase caused reduction in total lignin content [74,75,76]. LAC17 is specifically involved in the incorporation of G subunits into the lignin polymer [50], and simultaneous mutations in three laccase genes (LAC4, LAC11 and LAC17) resulted in reduced lignin deposition, largely effecting the plant gross morphology [53].



The use of gene-and-tissue specific promoters, instead of constitutive promoters [cauliflower mosaic virus 35s (CaMV35s) or ubiquitin (UBI)], can address the potential for pleotropic effects and minimize unintended detrimental effects of lignin bioengineering [77,78]. Tissue specific promoters in developing xylem and fibers have been identified in many plant species [79,80], thereby expanding the bio-engineering scenario. The organ/tissues/cell specificity can also be regulated using transcription factors (TF) [43]. In fact, TF have been used to reduce the lignin content in the supportive tissues like fibers, while maintaining the normal lignification in vessel elements [81]. New bioengineering methods like zinc finger nucleases (ZFN), transcription activation like effector nucleases (TALEN) and clustered regularly interspaced short palindromic repeats (CRISPR) have been developed to edit the target genes by inducing point mutations in the genomes [82]. These methods employ endonucleases coupled with specific DNA binding elements that allow the editing of target genes. These bio-editing methods can be used to edit the lignin biosynthetic genes specifically expressed in supportive cells around the vessel cells, thereby creating mutant plants with reduced lignin content for better digestibility with less pleotropic effects.




4.2. Enhancing Lignin Content to Produce High Energy Dense Feedstocks


Of all the plant cell wall polymers, lignin is highly reduced and energy dense with a high heating value [16,83]. The high lignin biomass can be used for the production of high-energy dense jet fuels, bioenergy and bioelectricity by thermochemical conversion methods [10,84]. Due to the cost involved in bioethanol production, the recent focus has been shifting towards the production of drop-in hydrocarbon biofuels and bioelectricity generation by thermal deconstruction processes such as pyrolysis and gasification respectively [85]. Hence, enhancing the lignin deposition will improve the feedstock suitability for the thermal conversion processes for the production of bioelectricity and biooil.



Alteration of a cell wall component (cellulose, lignin or hemicellulose) is often followed by a compensatory increase/decrease in other cell wall polymers to maintain the wall strength to withstand against the internal turgor pressure of the plant cells. Mutations in lignin biosynthetic genes result in an increase in non-cellulosic polysaccharide content [86] and ectopic lignification in cellulose mutants [87]. Ectopic lignin deposition in cells that otherwise have no lignin has been observed in various Arabidopsis cell wall mutants [88,89]. Increased deposition of ectopic lignin was observed in plants with reduced cellulose deposition, as seen with the ectopic lignin 1 (eli 1) mutant, which has a mutation in the Cellulose Synthase 3 gene [87]. However, the increase in lignin was associated with an elevated defense response in eli mutants, resulting in reduced plant growth, as seen with many biotic and abiotic stress responses in plants [90]. This could result from the re-allocation of phenolic compounds for the biosynthesis of flavonoids that are involved in stress signaling [91]. These studies indicate an extensive signaling mechanism to maintain the cell wall strength and defense responses. Studies on Arabidopsis laccase T-DNA insertion mutants showed the existence of a feedback loop in controlling the expression of lignin biosynthetic genes [50]. The existence of signaling mechanisms that enable the maintenance of the wall strength by compensatory deposition of other cell wall polysaccharides is an attractive scenario. It will be important to identify these dedicated signaling mechanisms for an efficient bioengineering of the plant cell walls for enhanced lignin production and resistance.



Lignin content can be enhanced by over-expressing lignin biosynthetic genes or by down-regulating the negative regulators of lignin biosynthesis. The cotton (Gossypium arboreum) laccase (GaLAC1) gene, when over-expressed in poplar (Populus spp.) plants resulted in increased lignin content [92]. Also in poplar, the over-expression of a Ferulate-5-hydroxylase resulted in an increase of S subunits in the lignin polymer [93]. Several biotic and abiotic stresses influence the lignin biosynthesis in plants via TF [94], for example, in Arabidopsis MYB58 and MYB63I, TF have been shown to activate lignin biosynthesis [95]. Similarly, microRNAs, negative regulators of gene expression, have been shown to regulate the lignin biosynthetic genes [96]. Apart from individual genes and TF, hormones have also been implicated in regulating the lignin biosynthesis. Overproduction of auxin, indole-3-acetic acid (IAA), resulted in an enhanced lignin content and an altered composition, indicating the role of hormones in the regulation of lignin biosynthesis [97]. Similarly, ethylene and gibberellins have also been implicated in lignin biosynthesis [98,99], indicating the possibility of altering the lignin content by external hormone applications.



Lignin composition can be altered to produce high value aromatic compounds. Since lignin polymerization occurs by random coupling of activated available monomers in the apoplastic region, non-canonical lignin monomers, like epigallocatechin, can be incorporated into the lignin polymer [100]. Also, depending upon the breakdown end products needed, plant lignin can be altered to incorporate the compounds, thereby making plant biofactories for the production of valuable compounds like benzoate, cinnamate and tyramine.





5. Separation of Lignin from Other Polymers in Plant Biomass (Chemical and Biological)


Access to the individual cell wall polymers is a crucial step in determining the rate of conversion of the polymers into desired end products. The effective biofuel and biochemical production from plant biomass depends upon the biomass pretreatment, which depolymerizes the cell wall polymers, allowing easy access of enzymes to the polymers. Many methods have been developed in order to separate lignin from other polymers of plant biomass. Chemical and biological methods have been utilized with various rates of success depending on the desired end product from the separated lignin, the cost effective separation techniques and the amount of time devoted to the separation process. The following sections describe different chemical and biological separation processes.



5.1. Chemical-Based Lignin Separation


The study of natural lignin composition has been unsuccessful so far due to the inability to isolate and characterize lignin in its native form from plant biomass. Chemically breaking down lignin has helped the compositional study of this heteropolymer by targeting different bonds present in the lignin structure (Table 2), however, any isolation method or treatment of lignin alters its native structure/form [21,89]. Several methods have been developed to separate lignin from lignocellulosic biomass and further to depolymerize lignin into a usable form for production of different biofuels and bioproducts. These separation techniques produce technical lignins, which are classified according to the process applied: steam explosion, kraft, organosolv, alkaline oxidation, and pyrolysis lignins [101]. More knowledge on lignin composition and structure resulted from the analyses of technical lignins. Therefore, it is possible to speculate that new insights gained from studying the structure(s) and composition of the technical lignins will allow the development of more efficient methods to convert this lignin into useful biofuels and bioproducts.



The separation of lignin from hemicellulose and cellulose is known as fractionation. The most common lignin product of this fractionation process is called pulping liquor or kraft lignin, a liquid that results from the pulping process in paper manufacturing [102]. The pulping liquor is the main commercial source of lignin [6] and the lignin is extracted by precipitating it under low pH conditions in the presence strong minerals. Though this is the most simple of the fractionation processes, it causes colloid formation resulting in a low quality, impure lignin product [102]. Highly purified lignin of low molecular weight can be extracted more precisely using enzymes and other specific solvents which is an expensive process. Moreover, a recent technique using membranes for the separation of lignin by molecular weights is becoming more popular due to its higher specificity [102].



Lignin depolymerization is a process that breaks down the complex aromatic structures into simple compounds that can be used to make commercially important chemicals and biofuels. Chemically, lignin depolymerization can be accomplished by: (1) pyrolysis, (2) hydrogenolysis, (3) oxidation, (4) gasification and (5) combustion (Figure 3, [4]). The efficiency of degradation and the products produced by these methods, is dependent on the type of lignin and the method used to separate lignin from cellulose and hemicellulose [21]. Pyrolysis is a complex process that involves thermal treatment of lignin in the absence of oxygen. The temperature treatment ranges from 300 °C to 600 °C. The absence of oxygen is necessary to prevent the reaction from further combusting into CO2 [21]. The degree to which this process rearranges the ring structures of lignin is dependent upon the feedstock type, temperature, and heating rate [101].
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Figure 3. Chemical methods of lignin depolymerization and its end use in the production of chemicals, fuel and electricity. Lignin breakdown is carried out at high temperatures with or without added oxygen and hydrogen, depending upon the method. This results in varied levels of chemicals, liquid fuel and electricity produced. The color coding indicates the product type produced from the biomass processing. 
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The products of pyrolysis are small fragments of biomass material in either liquid form, called pyrolysis oil, or solid form, called solid char or biochar. Dehydrated sugars and organic acids make up the majority of the fragments produced. The difficultly with this method is converting these fragments to stable non-corrosive components [4]. Hydrogenolysis, also known as hydrocracking, is a type of pyrolysis with the addition of hydrogen. The hydrogen assists in the cleavage of bonds. This process creates more monomeric liquid phenols due to the lower reaction temperature [21]. Oxidation of lignin involves heating the lignin in the presence of oxygen. Lignin reacts well to this treatment due to the presence of many hydroxyl groups. Products from this treatment include aldehydes, gas, and solid char. Oxidants that can be used for this process include hydrogen peroxide, nitrobenzene, and metal oxides [21]. Gasification converts lignin into a gas called syngas consisting of CO2, CO, CH4, and H2. It uses much higher temperatures than pyrolysis, between 700 °C and 1000 °C [101]. Once syngas is produced, cleaned and filtered to remove problematic chemical compounds, it can then be used to generate energy. One example of this process is given through a combined cycle turbine that uses gas and steam to produce electricity [101]. Combustion occurs in the presence of oxygen at extremely high temperatures (around 800 °C to 1000 °C) and can be used to produce heat, electricity, gases and solid char [17,55].




5.2. Biological Degradation of Lignin


Biologically, lignin depolymerization from plant biomass can be achieved by a bioconversion method in which thermo-tolerant molds are used to delignify plant biomass [103]. Delignified substrate is then exposed to different bacterial and fungal strains to ferment the hexose and pentose sugars to produce bioethanol, which is then distilled out of the fermentation chamber [101]. Bioconversion is adapted from microbes, bacteria, fungi and termites that have been found to breakdown biomass for their survival [104,105,106]. Pilot studies on bioconversion of various biomass feedstocks using the fungus Ceriporiopsis subvermispora showed a glucose yield of around 25%–56%, where the yield increase was dependent upon the pretreatment time with the fungal cultures [106]. Fungal cellulolytic enzymes are commercially being used to breakdown non-lignin biomass, whereas, the applicability of laccases and peroxidases in lignin breakdown is still at the laboratory level [107]. There is increasing evidence that bacterial laccases and peroxidases, that are similar to their fungal counterparts, are involved in the degradation of lignin. Such bacterial laccases and peroxidases have been found in bacterial species grown in forest soils [108]. Identification of lignin degrading enzymes from Thermus thermophilus has also lead to the finding of novel laccases with an increased half-life at elevated temperatures [109]. In another study, the expression of the bacterial enzyme hydroxycinnamyl-CoA hydratase lyase (HCHL) in Arabidopsis plants, produced hydroxybenzaldehyde derivatives of lignin monomers that improved saccharification of the biomass [72]. Apart from finding novel enzymes from microbial species, directed evolution can be used to improve the activity of enzymes currently produced by the known microbial species [110]. Microbial lignin degrading enzymes have multiple applications in food, pharmaceutical and fragrance industries. For instance, laccase mediated grafting of phenolics on cellulose has been used to produce packaging material with antimicrobial properties [111]. Moreover, the intermediate compounds of the lignin biosynthetic pathway, like hydroxycinnamic acids and aldehydes, possess antimicrobial and antifungal properties [6,112,113] as determined by their minimum killing concentration (MKC). This shows that microbial breakdown products from lignin of various origins could produce novel compounds with antimicrobial properties. Also, identification of novel microbial enzymes that can degrade phenolic compounds can be applied to the breakdown of aromatic pesticides [114] for bioremediation applications. Adoption of microbial enzymes to breakdown lignin in the pretreatment of biomass will improve the efficiency of lignin breakdown and reduce the use of chemicals that interfere in the saccharification process [115].





6. Applications of Lignin for Biofuel and Bioproducts


Lignin holds a great potential in different industries as a source for chemicals, fuels and other bioproducts. Though the calorific value of lignin is similar to ethanol (27 KJ/g), the high density of lignin makes this compound a potential source for bioenergy from high-lignin feedstocks [10,16]. Lignin is a common byproduct derived from different industries, including paper and pulp industries [21]. This industry alone creates 40–50 tons of lignin per year according to the International Lignin Institute, yet only 1.5% is currently used for purposes other than energy generation [102]. Lignin is also the main waste product from bioethanol production. Some bioethanol producers dispose of this lignin as waste, while others utilize it to generate energy or for solid char production, an attempt to refill the carbon sink [6].



Besides its contribution to energy production, lignin is biodegradable, antimicrobial, an antioxidant, and CO2 neutral [6,18,116]. Such diverse properties of lignin have accentuated the need to convert and use lignin in liquid fuel additives and commercially important chemicals [21]. Due to its diverse functional groups, lignin has the potential to be used as an absorbent agent, an emulsifier, a dispersant reagent in cement and gypsum blends, and as a chelating agent [117,118,119,120]. It has the potential to generate a wide range of chemicals and adhesives normally derived from fossil fuels [6,102]. Lignin is also being used for the production of controlled and slow release fertilizers, as well as in bioplastics [121]. Also, carbon fibers obtained from lignin are used to make high energy super capacitors as energy storage devices [122].




7. Conclusions


Lignin has the potential to serve as an alternative standalone fuel and can be a source for many valuable chemicals. Though there is considerable progress in the lignin biosynthetic pathway, the lignin composition and content could not be altered without any negative consequences. Many lignin biosynthetic mutants have reduced biomass and decreased resistance to pathogens [123]. However, by expressing novel microbial enzymes in plants, the nature of monomers involved in lignin polymerization can be altered, thereby reducing the molecular weight of lignin without compromising the biomass yield [72]. Key elemental research is needed for: (1) generating an altered lignin polymer without compromising the cell wall properties; (2) engineering lignin that can be easily deconstructed into specific bioproducts; (3) exploring novel enzymes that can be expressed to tailor the plant lignin composition and structure; (4) developing specialized methods for lignin isolation and controlled depolymerization for compositional analysis and industrial applications.



The bioproducts resulting from lignin can reduce our reliance on petroleum-based products, which is a necessity as oil reserves are not only limited but also non-renewable. Additionally, biological alteration of the lignin structure will reduce chemicals used for its breakdown in the bioethanol industry and thereby reduce the pretreatment costs and chemical waste.
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