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Abstract

The diversion of carbon flux toward biosynthesis of targeted products could be
achieved by manipulation of targeted biosynthesis pathway in plants. This whole
process consists of many steps in stepwise manners starting with the identifica-
tion and isolation of targeted metabolites, elucidation of complete biosynthetic
pathway for identification of point of intervention, discovery of corresponding
potential metabolic genes, and overexpression of the selected genes in heterolo-
gous system and collectively production of the metabolites. The various bio-
chemical processes including transcriptome, translatome, proteome, and
reactome are being used to assist metabolic engineering by providing new
insights into novel pathways or bottlenecks of existing pathways. Apart from all
these, in-depth understanding of metabolic fluxes and feedback regulations is
also mandatory for plant metabolic engineering. All these different current
approaches are collectively considered for investigating the plant metabolic engi-
neering to understand, reconstruct, analyze, and annotate the targeted pathways.
The key applications of plant metabolic engineering have been compiled with a
few important applications including improvement of nitrogen utilization in
plant, development of highly nutritive food, and generation of biofuel produc-
tion. In conclusion, the plant metabolic engineering could provide comprehen-
sive evaluation of manipulation of biosynthetic pathways for numerous
applications. This compiled information could act as a resource for crop breed-
ing and biotechnology purposes.
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Abbreviations

RBS Ribosomal binding site
NNAAs Nonnatural amino acids
ORF Open reading frame
TAG Triacylglycerol

3.1 Introduction

Metabolic engineering is a process for channeling the carbon flux toward desirable
final products through manipulations of selected metabolic pathway to make it more
fruitful. Plants synthesize wide range of primary and secondary metabolites for
diverse functions in plants. In addition, these diverse wide arrays of compounds are
involved in plant growth, development, and adaption during adverse conditions. In
continuation, humans utilize major classes of secondary metabolites including iso-
prenoids, alkaloids and flavonoids for flavors, fragrances, and coloring agents. A
range of secondary metabolites has also been utilized for their significant usage in
pharmaceutical, nutraceutical, and industrial levels.

After identification of any potential metabolite, the capacity to produce material
for industrial and clinical applications is the major limiting factor. The final extrac-
tion and purification of a selected metabolite requires extensive analysis from very
structurally similar compounds. The final yield of selected metabolites is also
defined by particular geographical conditions. In addition, the chemical synthesis of
desirable compounds at higher production rate is still challenging for production of
selected metabolite with multiple chiral center and labile connectives due to diverse
complexity of metabolites. In continuation, optimized synthetic routes become
impractical with increasing number of separate steps and subsequently yield
decreases (Newhouse et al. 2009).

In addition, to meet the growing demand of value-added metabolites, researchers
prefer to develop microbes with varying degrees of success for the efficient and
cost-effective products from renewable plant biomass as promising alternative with
several advantages. The microbes have also been traditionally exploited for fermen-
tations of foods and feeds including production of organic acids, alcohols, amino
acids, and vitamins. The process of microbial production of specific chemicals is
also known as more environmentally friendly as compared to chemical synthesis of
the same compound. This process also has shorter production times with inexpen-
sive renewable feedstocks. In addition, in contrast to synthetic chemical-based
routes, microbial culture can be easily scaled up using fermentation process. A
number of easily available relevant organisms including Escherichia coli,
Corynebacterium glutamicum, Bacillus subtilis, Pseudomonas putida, and
Saccharomyces cerevisiae can be easily used for tailor-made recombinant strains by
recombinant technology for production of a specific value-added metabolite (Du
and Shao 2011). The selection of suitable strain development is a major critical step
in the optimization of the product processing. The problems associated with
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microbial metabolic engineering have been addressed with many strategies includ-
ing single enzyme change reaction, addition or deletion of existing pathways, trans-
formation of microorganisms into host, or synthetic metabolic pathways (Erb et al.
2017). So, this whole process is suited as a common interdisciplinary framework for
the analysis of differential gene expression data with precise information of protein
content and in vivo metabolic fluxes. Thus, microbial metabolic engineering uti-
lized principles from chemical engineering, computational science, biochemistry,
and molecular biology for production of specific chemicals/metabolites.

Apart from microbial metabolic engineering, plant metabolic engineering has
been explored for manipulation of endogenous metabolic pathways in plants/intro-
duction of novel pathway for the production of desirable compound or reduces the
level of the undesirable compounds. However potential challenges associated with
plant metabolic engineering need to be addressed including elucidation of endoge-
nous pathways for identification of the point of intervention, discovery of most
promising metabolic genes, overexpression of gene(s) into heterologous system,
and subsequently production of metabolites without harming the targeted plants.
The various biochemical processes including transcriptome, translatome, proteome,
and reactome are being used to assist metabolic engineering by providing new
insights into novel pathways or bottlenecks of existing pathways (Lechner et al.
2017). Investigating biochemical processes also offers the identification of many
new plant metabolites (Tobias et al. 2017). In addition, potential bioinformatics
tools have also been added to discover the genes for manipulations of selected bio-
chemical pathway (Tatsis and Connor 2016). Apart from all these, in-depth under-
standing of metabolic fluxes and feedback regulations is also mandatory for plant
metabolic engineering. All these different current approaches are collectively con-
sidered for investigating the plant metabolic engineering to understand, reconstruct,
analyze, and annotate the targeted pathways. In conclusion, in-depth analysis of
gene expression pattern, metabolites profiling, and genomic data and their overex-
pression/silencing provides an effective approach for discovery of gene function for
plant metabolic engineering (Prosser et al. 2014; Kagale et al. 2016). The plant
metabolic engineering could also be used for comprehensive evaluation of effect of
environmental constraints on plant metabolism, and curated information could be
used in crop breeding and biotechnology purposes. In addition, plant metabolic
engineering has also added new nodes to boost the productivity rate with increased
resistance to pathogens (Kumar and Yadav 2017).

In this chapter, we complied the updated knowledge on current approaches and
key application of plant metabolic engineering for harnessing the metabolic power
of plants for production of metabolites of interest.

3.2 Descriptive Approaches for Plant Metabolic
Engineering

A number of diverse approaches can be utilized to quantify the metabolic and regu-
latory network status including gene expression, protein expression, flux analysis,
metabolic concentration, and enzyme activity and collectively considered under
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plant metabolic engineering. A number of computational tools can also be useful for
integrating and analyzing these datasets for in-depth understanding of plant metabo-
lism (Maudsley et al. 2011; Booth et al. 2013; Jing et al. 2014).

There are three major goals of plant metabolic engineering. The first goal is the
accumulation of specific desired compound(s). In contrast, second goal is the least
accumulation of targeted undesirable compound(s) and third goal is the biosynthe-
sis of novel compounds. The promising strategies for achieving these three goals
reflect the engineering of identified regulatory steps in a selected biosynthetic path-
way resulted into diversion of metabolic flux for targeting specific metabolite(s)
(Pickens et al. 2011; Moses et al. 2013). Sometimes, it is also necessary to com-
pletely block the parallel competitive pathways or introduce shortcuts to divert
metabolic pathway in a particular direction as given in Fig. 3.1. However, the strate-
gies, which only include the manipulation of single rate-limiting step, are often
nullify by the system itself to maintain the homeostasis (Curien et al. 2009), so that
targeting multiple steps in same or competitive pathways could divert the metabolic
pathway in a more predictable and productive manner. A brief representation for
targeting multiple pathways is given in Fig. 3.1. Moreover, “omic” era has covered
cellular and subcellular pathways and provided the evidence that metabolic path-
ways can be controlled at multiple levels rather than step-by-step manner. In addi-
tion, recombinant DNA technology has also offered opportunities for improving or
increasing the metabolic flux by means of genetic manipulation in biosynthetic
pathways (Adrio and Demain 2010). In addition, some strategies might call for the
transient expression of any foreign construct for investigating the interaction
between selected gene(s) and gene product(s), while other strategies are based upon
the generation of transgenic plants expressing a new gene product for many years.

With these collectively evidences, the metabolic engineering has shifted away
from targeting individual gene/pathway to manipulate entire cell itself. Synthetic
biology has the potential to fabricate regulatory networks throughout the cell by
using heterologous genes, gene deletions, and overexpression-related strategies (He
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Fig. 3.1 Basic strategy for manipulation pf metabolite of interest in the plants
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et al. 2017). High-throughput DNA sequencing techniques have also facilitated the
discovery of unknown gene clusters and cryptic pathways that are responsible for
the production of engineered products in microorganisms (Luo et al. 2016). Now
next-generation sequencing-generated datasets have also been used for construction
of novel pathways for manipulation purposes (Luo et al. 2016).

3.2.1 Engineering at Transcriptome and Translatome Level

The extensive progress has been carried out in analyzing cellular functions with
measurement of the cellular components including genes, mRNA, proteins, and
metabolites. These collectively studies have given key tools for investigation and
deciphering mechanism of the cellular activities. The cell-wide measurements
involving quantifying genome-wide total mRNA levels show a significant promise
for designing of predictive models. Thus, among numerous high-throughput tools,
genome-wide transcriptional profiling is extensively used. Transcriptome analysis
helps to calculate the total cellular mRNAs in terms of their level and identification
of up- and downregulated genes. In continuation, the most promising strategy to get
the desirable metabolites profile can be carried out by manipulating the regulation
of targeting RNA transcripts. The mRNAC(s) level of specific target(s) can play a
regulatory role by altering mRNA structure for synthesis and folding of protein
(Faure et al. 2016). A number of factors including promoter strength, mRNA stabil-
ity, and gene copy number have been documented affecting mRNA stability. To
counter this constraint, synthetic promoters and optimized transcription factors
have been utilized to control the mRNA expression profile. The inability to predict
precisely gene expression levels interrupts the metabolic engineering of biological
systems. Kosuri et al. (2013) documented more than 12,000 combinations of com-
mon promoters and ribosomal binding sites and measured DNA, RNA, and protein
levels. The same study also allowed the quantification of global effects including
influence of translation rate on mRNA stability and effect of mRNA secondary
structure on translation rate and emphasized the importance of screening of syn-
thetic libraries for desired behavior. Gonzalez-Ramos et al. (2008) compared a spe-
cific strain to be resistant to ethanol with another strain with ethanol overproduction.
After a careful investigation, a number of sets of differentially expressed genes have
been identified from multiple branches of metabolism. Thus the most powerful
strategy to identify a target for metabolic engineering through gene expression anal-
ysis is to analyze a collection of strains. On the basis of these studies, the transcrip-
tional information could be harness for design of cell factories. The genome-wide
transcriptome analysis could be exploited for generation of desired strain using
metabolic engineering. In addition, transcriptome analysis also offers the possibility
of elucidating global regulatory processes. The whole genome mRNA profiles can
also help to identify key genetic trends that may be important consideration for
understanding of cellular flux and regulations. In conclusion, transcriptional analy-
sis also provides one more additional level of control to manipulate the flux
network.



52 Bharti et al.

Thus, it has been proved that variations in mRNA and proteins levels are most
prevalent in prokaryotic expression (Payne 2015). To understand the relationship
between mRNA and protein abundance, synthetic biology has been implemented
with combination of 12,500 promoters and ribosomal binding site in E.coli (Kosuri
et al. 2013). The sevenfold change in protein abundance has been observed by
manipulating the small nucleotide space around ribosomal binding site in
Saccharomyces cerevisiae. Translation efficiency has been also documented which
depends upon mRNA secondary structure (Sugimoto et al. 2015). Additional stud-
ies are also required to understand expression of different types of protein classes
through mRNA secondary structure formation.

The codon usage bias is believed to be the most influential factor affecting trans-
lation efficiency. However, these codon biases disrupt the mRNA stability and trans-
lational rates but act as essential motivation for gene manipulation. Transgenic
expressions have become burden for eukaryotes by either upregulating or down-
regulating the normal routine cellular activity. On the other hand, there is a great
need for identification and development of bacterial host for synthetic codon adap-
tion strategies that design multiprevailing parameters. Recently, a condition-specific
codon optimization approach has been created to improve heterologous protein lev-
els of bacterial genes in yeast (Lanza et al. 2014). Other combinatorial libraries have
been developed for translational efficiency and protein integrity. This approach pro-
vided synonymous codon for a representative protein in native and non-native hosts,
and these are translated that are subsequently responsible for co-translational fold-
ing (Makino et al. 2011).

In addition, to find the detailed description of cellular response to specific manip-
ulation, a number of studies reflected integration of two or more omic responses
simultaneously. So, proteomics, protein-protein interactions, and protein-DNA
interactions have also been integrated to elucidate regulatory phenomena. The high-
throughput analytical approaches have been utilized for metabolic engineering. An
integration of data obtained from genome-wide transcript level with in vivo fluxes
provided reconstruction of genome-scale model to characterize growth and regula-
tion through major carbon metabolism in S. cerevisiae (Karhumaa et al. 2005).

3.2.2 Engineering at Proteome Level

It has also been established that the manipulation at proteome level also acts as a
regulatory level for metabolic engineering. Both protein and metabolic engineering
are synergistic and work together to build organisms for efficient production of
compounds of interest. To make an efficient strategy, there is a mandatory require-
ment to divert the resources from growth and unwanted metabolic pathways toward
desired pathway with maximum carbon flux. Thus, a regulatory component in this
scheme is the engineering of proteins via facilitating carbon flux. The protein engi-
neering involves many strategies including altering protein structure, targeted or
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random mutagenesis, to obtain functional perturbations such as decreased product
inhibition, with improved substrate sensitivity, higher catalytic rates, selection of
specific cofactor, and reduced substrate competition. Collectively, all these modifi-
cations boost the titers and yield of metabolically produced compounds. However,
a single protein or pathways is totally unable to manipulate their behavior signifi-
cantly due to complexity of regulation processes even in simplest bacterial expres-
sion system.

The protein manipulations for metabolic engineering depend upon the cell
growth selection and assay-based screens for identification of protein using direct
evolution strategy. In addition, several methods have been adopted for random and
targeted genetic diversity for generation of protein libraries. Some of them are error-
prone PCR (polymerase chain reaction), target and random mutagenesis, chemical
mutagens, and DNA shuffling. In addition, engineering of transcription factor has
also been used for more effective manipulations in selected pathways. Apart from
chemical mutagenesis, another promising method for multigenic modifications for
complex change of phenotype is the mutation of selected transcription factor. The
major advantage of this method is that expression of all coordinated genes is altered
simultaneously by mutagenesis of only one single protein. However, the engineer-
ing of transcription factor is much easier in eukaryotic cells than prokaryotic cells
because of involvement of zinc finger protein for assisting the binding of transcrip-
tion factor with regulating site of DNA (Hudson and Ortlund 2014). Zhang et al.
(2012) proposed a similar strategy in which global transcription factor cyclic AMP
receptor of E.coli has been used for improvement of 1-butanol tolerance. The incor-
poration of nonnatural amino acids into proteins has also been explored as a power-
ful tool for protein engineering. However, there are no direct examples for use of
NNAAs (nonnatural amino acids) for metabolic engineering, but they offer poten-
tial advantages for metabolic engineers. Leonard et al. (2010) adopted the combined
strategy of metabolic and protein engineering of a terpenoid biosynthetic pathway
for overproduction of levopimaradiene. This study highlights the importance of pro-
tein engineering with metabolic pathway as a key strategy in achieving microbial
biosynthesis and production of key metabolites.

Enzyme engineering also plays a key role by creation of new functions of enzyme,
shaping enzyme specificity, deletion of competitive reactions, and adding new node
of novel enzyme (Broadwater et al. 2002). It provides not only the starting point to
the reactions for novel enzyme functionalities but also provides native activities for
increased and higher productivity (Yoshikuni et al. 2008). To identify promiscuous
enzyme activity is a major challenge in enzyme engineering. To counter this chal-
lenge, the Biochemical Network Integrated Computational Explorer (BNICE) has
sorted out many existing enzyme chemistries for novel enzyme mechanism
(Hatzimanikatis et al. 2005). It also predicts novel enzyme/function based on physi-
cochemical substrate/product, enzyme similarity based on enzyme classification, and
novel enzyme within biosynthetic pathway (Jacobson et al. 2014). A total of 20 het-
erologous pathways have also been predicted in E. coli (Campodonico et al. 2014).
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3.2.3 System Metabolic Engineering

The construction and probing of large-scale datasets are basic requirement for
improving or synthesizing a cellular function in the form of metabolic models. To
access cellular and metabolic function, large-scale global measurements are the
basic requirement. In continuation, wealth of data generated through genomic (from
genetic materials), transcriptomic (by mRNA profiling), and proteomic (protein
profile) and fluxomic data (flux analysis) has been required for development of cell
model that is an invaluable tool for metabolic engineering. A rational prediction of
different phenotypically changes has been observed with manipulation of media
composition, gene knockouts, and incorporation of heterologous/novel pathways.
The cell-wide flux maps have been used as first attempt of system biology toward
metabolic engineering. However, now measurement of transcript levels, protein lev-
els, interactions between different proteins/metabolites, concentrations, and even
localizations of proteins has also been considered for building of comprehensive
cell models. However, till today most comprehensive and predicted functional mod-
els of system biology are global metabolic network reconstructions, which serve as
interpretation of material balance and stoichiometric reactions occurring within the
cell and predicted many metabolic perturbations correctly. In conclusion, in silico
genome-scale metabolic reconstructions behave as baseline for applications of sys-
tem metabolic engineering.

There are many reports proving that system metabolic engineering had signifi-
cant successes. The production of L-valine and L-threonine has been improved in E.
coli using similar approaches (Park et al. 2007; Lee et al. 2013). Both reports used
advantages of transcriptome analysis and in silico model-based metabolic recon-
struction for the identification of particular gene knockouts. In continuation, the
single-, double-, and triple-gene knockouts have been identified for improved lyco-
pene using a genome-scale metabolic model of E.coli. Previously, Lee et al. (2013)
reported 85% of the maximum theoretical yield of succinic acid using metabolic
reconstruction in E. coli. Beyond E. coli, S. cerevisiae has also been exploited for
improvement of succinic acid. An in silico genome-scale metabolic reconstruction
of S. cerevisiae has been reported for strain improvement (Chung et al. 2010). All
these reports provided the supportive evidences for the power of in silico modeling
for manipulation of certain biosynthetic pathway and metabolites. However, the
selection of a platform organism acts as a critical decision for any metabolic engi-
neering. The most common model organisms are S. cerevisiae and E. coli, and many
steps are required for any non-model organisms for in silico genome-scale meta-
bolic reconstructions. The major requirement for system biology is to access the
whole genome information of selected organism(s) to determine innate cellular
capacities for in silico genome-scale metabolic reconstruction(s). The genomic
exploration allows the comparative genomics in between genomes across different
strains/species and can be exploited for rational manipulations of metabolic path-
ways by identification of rate-limiting steps/enzymes to improve the yield of metab-
olite of interest. After gaining genomic information, the next step is the discovery of
all unique ORF coding sequences for enzymes of selected metabolic network, and
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all identified ORFs are assigned based upon their respective enzyme functionality.
In continuation, coupling can also facilitate the process of genome annotation and
metabolic reconstructions with metabolic databases including KEGG, LIGAND,
BioCYC, etc. All these databases have repository of bioinformatics and systems
biology knowledge sets for all elucidated pathways in a system. All these complied
information can be helped to create the metabolic network and component interac-
tions. After construction of metabolic network, flux analysis can be performed using
in silico metabolic reconstruction to assess its accuracy. The most effective approach
has been the use of flux analysis to model gene knockouts in metabolic reconstruc-
tions in order to improve the yield by either deletion or overexpression approach.
However, construction of cell-wide flux analysis using carbon-labeled substrates is
the first attempt in implication of system biology toward metabolic engineering.
However, global metabolic network reconstruction is the most comprehensive and
predictive model of system biology that can be utilized for metabolic engineering.
For optimization of the production of the chemical of interest, the detailed under-
standing of the network and distribution of flux are also necessarily required. These
tools have also been utilized extensively for metabolic engineering because these
allow the detailed exploration of the structure and design of metabolic network that
represents the biochemistry of organisms. The stoichiometric methods, which are
based on the collected biochemical knowledge surrounding a specific metabolic
network of an organism of interest, could help construct metabolic models based on
annotated genome sequence. Such model helps to perform simulation based upon
on all available information about all reactions of a metabolic network using infor-
mation about the stoichiometry of the network as inputs and predict metabolic states
of organism under particular conditions.

In conclusion, the system metabolic engineering mainly depends upon the accu-
racy of high-throughput data for construction of in silico models. However, the
system metabolic engineering for model organisms with already established meta-
bolic reconstructions helped to discover gene knockout for improvement of product
yield.

3.3  Key Applications of Plant Metabolic Engineering:

Over the last few decades, great success has been achieved by plant metabolic engi-
neering to improve productivity of crops (Lau et al. 2014; Long et al. 2015).
Synthetic biology and golden rice are two major notable success stories in the field
of metabolic engineering that not only increase the productivity but also improve
the nutritional value (Lau et al. 2014). In this chapter, a few long standing chal-
lenges with their applications have been discussed. A series of discussions for
improvement of nitrogen utilization in plants, generation of crops with high nutri-
tional value, alternative source of fuel production, and improving carbon fixation by
enhancing photosynthetic efficiency have also been presented. These are examples
of future emerging areas in the field of metabolic engineering.
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The first example is the improvement of nitrogen utilization in plants by utilizing
metabolic engineering. Nitrogen is a fascinating micronutrient element in biological
systems with many unique properties. In agriculture field, nitrogen is used as a fer-
tilizer to get a better yield. It has been estimated that a total of 180 million tons of
synthetic nitrogen are utilized as fertilizer worldwide. However, a huge consump-
tion of nitrogen becomes a disaster agent for soil, aquatic system, and environment.
There are two possible ways by which plants can be engineered to fulfill their own
demand of nitrogen consumption. These two possible approaches are biological
nitrogen fixation and symbiotic nitrogen fixation. The biological nitrogen fixation is
carried out by nitrogenase with conversion of nitrogen into ammonia. Interestingly,
this enzyme is not present in plant system; thus plants cannot use nitrogen instead
of ammonia. The biological fixation phenomenon is reported in bacteria named as
diazotrops, which occurred into the soil and catalyze the conversion of nitrogen into
a more bioavailable form, ammonia. Root nodules of plants further take the reduced
form of ammonia. However, disruption of the NifA/NifL (nitrogen fixation activa-
tor/nitrogen regulatory gene that inhibits the activation of other genes by NifA
protein)-mediated ammonia regulation of nif (nif regulon) gene expression and inhi-
bition of GS (glutamine synthase) or GOGAT (glutamine oxoglutarate aminotrans-
ferase) for deficient ammonium assimilation are associated with improvement of
ammonium excretion in diazotrops. The first approach was carried out by either
overexpression of NifA or deletion of NifL in Azotobacter vinelandii (Ortiz-Marquez
et al. 2012). By using metabolic engineering, the improvement of nitrogen utiliza-
tion in plants can also be achieved. The nitrogen assimilation is carried out by
enzyme glutamine synthetase (GS) via the GS/GOGAT cycle. This GS/GOGAT
pathway is a metabolic node with a regulatory position in plant amino acid metabo-
lism. The nitrogen assimilation starts with nitrogen compounds in soil and
2-oxoglutarate carbon skeletons. The transgenic plant lines with improved nitrogen
assimilation and improved growth have been achieved by overexpressing of a num-
ber of transgenes and transcription factors. Similarly studies have also been reported
with the overexpression of gene-encoded GS enzyme which indicated a number of
changes in plant metabolism (CANovas et al. 2006). The re-assimilation of ammo-
nium has been achieved in lotus deficient in plastidic isoform of glutamine synthase
(Pérez-Delgado et al. 2016). The overexpression/knockout mutation of GOGAT has
also reported with better grain filling and improved biomass (CANovas et al. 2006).

Plants are the major source for human nutrition and have also been targeted for
improvement via metabolic engineering approach. The energy supply as well as sug-
ars/starch determines the nutritional quality of crops. The potato is the most important
food (non-cereal) crop, which is deficient in the sulfur-containing amino acids
(methionine and cysteine). The metabolic engineering could offer to manipulate the
targeted amino acid biosynthesis for improvement of nutritive value of potato (Stiller
and Dancs 2007). Similarly, Giuliano et al. (2008) reviewed all potential attempts
toward the manipulation of the carotenoid biosynthesis in plants. Carotenoids includ-
ing B-carotene, zeaxanthin, and astaxanthin have been documented for beneficial
effects for human health. In plants, carotenoids are derived by isoprenoid precursors
from MEP pathway (2-C-methyl-D-erythritol 4-phosphate). The MEP pathway is the
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main pathway for the biosynthesis of carotenoids, tocopherols, certain sesquiter-
penes, monoterpenes, and others. The phytoene synthase is a promising key step for
increasing carotenoid biosynthesis in plants. Overexpression of the phytoene syn-
thase encoded gene in plants has been exploited to improve various carotenoid con-
tents. A B-carotene enriched crop products offers an alternative to fight with vitamin
A deficiency in infants and adult. The highest -carotene levels have been reported for
different “golden” staple crops including maize, rice, wheat, and potato (Ye and
Bhatia 2012). Even the engineering of carotenoids content in leaf tissue has been
reported for improved stress resistance. Metabolic engineering also leads the way to
manipulating plant lipid composition (Napier et al. 2014). The manipulation of plant
seed oil by improving fatty acid composition has long been an objective of metabolic
engineering. The metabolic engineering is targeting oil-related traits in oilseed crops
that are a promising source of food as well as fuel. However, the development of seed
transcriptome is necessary to elucidate the functional seed-specific metabolic path-
way. The seed-specific RNAI suppression of genes encoded fatty acid desaturase 2
(FAD?2, control desaturation of oleic acid) and fatty acid elongase 1 (FAE1, elonga-
tion to C20 and C22 chain lengths) in Camelina sativa which has been achieved with
altered composition of seed lipid (Nguyen et al. 2013). Phenylpropanoids are also key
metabolites of nutritional diet due to their nature of antioxidants. The alteration of
composition of novel wax esters in the seeds, part of transgenic C. sativa using meta-
bolic engineering, has also been documented (Ruiz-Lopez et al. 2012, 2017). The
most explored pathway for secondary metabolic pathway is phenylpropanoid path-
way, which is a main target for plant metabolic engineers to improve the content of
secondary metabolites. An example of this attempt is to be presented in which the
manipulation of phenylpropanoid pathway has been carried out in tomato by intro-
ducing transcription factor encoded by ArMYBI2 (Pandey et al. 2015). However,
AtMYBI12 transcription factor has also been exploited for diversion of the route of
carbon flux toward aromatic amino acid biosynthesis for improving phenylpropanoids
level (flavonoids and hydroxycinnamates) (Pascual et al. 2016). In conclusion, all
these selected examples provided evidence that metabolic engineering is an effective
approach that not only improves nutritional value but also increases the commercial
value of crops. However, elevated level of a specific nutrient compound could alter
the taste and flavor of commercial part(s) of plants. For example, steviol glycosides
and related esters impart distinctive to strawberry plants (Brandle and Telmer 2007).

Another promising application is the transition toward a biofuel-based economy
using metabolic engineering. Presently, bioethanol is a major biofuel in huge demand
that is produced by sugars of sugarcane and corn. The another source is the produc-
tion of bioethanol from lignocellulose biomass which originated from residual bio-
mass of crops (wheat, corn, and sugarcane) or biomass (poplar and switch grass)
from crops. However, biomass form poplar and switchgrass can also be a good
source for fuel production. In contrast, the direct accessibility of the polysaccharides
of biomass for enzyme degradation is directly influenced by the cellulose content
and requires one more preliminary additional step of hydrolysis either under acidic
or alkaline conditions. Thus, metabolic engineering offered to limit the lignin con-
tent in plants because it is a limiting factor for production of fermentable sugars.
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Van Acker et al. (2014) documented the downregulation of cinnamoyl-CoA reduc-
tase which is linked with improvement of ethanol production. In another attempt,
overexpression of monolignol ferulate transferase (MFT) in transgenic poplar plants
has been documented with increase of monolignol ferulate conjugates that helps to
make cell wall more susceptible to chemical polymerization (Wilkerson et al. 2014).
Yang et al. (2013) proposed a systems-wide approach for manipulation of cell wall
biosynthesis using metabolic engineering in plants. Authors documented enhanced
lignin biosynthesis in the vessels with improved saccharification yields while main-
taining biomass. In continuation, an attempt to increase the secondary wall thicken-
ing by using an artificial positive feedback back loop has also been documented.
This was carried out using a combinatorial approach in which a transcription factor
encoded by NST'1 was also overexpressed with higher content of released sugar. This
approach could be an effective approach for enhanced bioethanol production using
crop plants. Another approach is the utilization of TAG (triacylglycerols), which acts
as energy-rich form of biofuels. Thus, the strategy to increase the content of TAGs in
vegetative tissues also offers the improvement of accessibility to biofuels. In con-
tinuation, all genes involved into elevated TAG levels have been identified (Vanhercke
et al. 2014). The silencing of a gene encoded enzyme ADP-glucose pyrophosphory-
lase that is involved in starch biosynthesis was documented with diversion of carbon
away from starch and toward TAG biosynthesis (Rismani-Yazdi et al. 2011).
Silencing of gene-encoded enzyme, peroxisomal ABC transporterl (PXA1), is doc-
umented with lesser oxidation of fatty acid in the mitochondria (Boisnard et al.
2009). Zale et al. (2016) documented the metabolic engineering of sugarcane plants
with overexpression of WRINKLED1, DGAT1-2, and OLE] genes as well as simul-
taneously silencing of AGPase and PXA 1 that accumulated higher amount of triacyl-
glycerols (TAGs) as compared to control plants.

In conclusion, metabolic engineering offers opportunity for the accumulation of
novel fatty acids for improving agronomical traits. However most of metabolic
engineering of oil-related traits used Arabidopsis as a testing plant for identification
of genes for improving the oil production. Documented the accumulation of
omega-3 LC-PUFA (long-chain polyunsaturated fatty acids) and DHA (docosa-
hexaenoic acid) in Arabidopsis. In addition, Camellia sativa offers a model plant for
metabolic engineering because the transformation has been easily achieved using
Agrobacterium-mediated floral infiltration method. The accumulation of EPA
(eicosapentaenoic acid and DHA) was documented in Camelina sativa with equiva-
lent levels as found in fish oils (Ruiz-Lopez et al. 2017). Another plant, crambe
(Crambe abyssinica), is also known as a dedicated industrial oil crop and could be
proved as the best model crop for metabolic engineering of oil traits in seeds.

Thus, the metabolic engineering of LC-PUFAs in transgenic Camelina seeds as
well erucic acid in transgenic crambe seeds provided the evidences of successful
manipulations of fatty acid traits in oilseed crops. The effective strategy for generating
appropriate level of oil in vegetative tissues has also been proposed by using inte-
grated approach of coordinated overexpression of engineered transcription factor
(linked with upregulation of fatty acid) encoded by genes, and genes encoded TAG
biosynthetic enzymes simultaneously with downregulation of TAG catabolic enzymes.
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