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Preface

Recent advances in the field of plant biotechnology succeeded in altering various
metabolic pathways via gene and metabolic engineering approaches to introduce
novel compound production in plants. Molecular biotechnology strategies can

be used to improve plant biomass by enhancing cellulose and starch for biofuel
production. Biotechnology and genetic engineering approaches are useful for the
improvement of crops for biotic and abiotic stress tolerance and increased food
production. As such, this book provides updates on recent developments in plant
science highlighting major trends in botany, particularly in plant biotechnology,
alternative energy, food industry, environment, and medicine. Botany - Recent
Advances and Applications presents comprehensive information about current
advances in plant science. It contains five chapters by eminent research scholars
that cover a vast range of research on soil organic carbon sequestration of tropical
grasses and their potential use as biomass energy crops to mitigate global environ-
mental changes. The book also highlights nonedible seeds as a potential renewable
source of biodiesel production to control the global energy crisis. Finally, the book
discusses the importance of microRNA as a potential tool for improving agronomic
traits of several economically important crop plants as well as examines the uses,
methods, and advantages of recombinant DNA technology and plant biotechnology
for the development of plant-based vaccines.

We are enormously grateful to our publisher IntechOpen and the authors who
contributed their work to this book. We also extend our sincerest appreciation to
Editor and Author Service Manager Sara Gojevic-Zrnic, who was instrumental in
the preparation and publication of this volume.

Dr. Bimal Kumar Ghimire
Department of Crop Science,
College of Sanghuh Life Science,
Konkuk University,

Seoul, Korea






Chapter1

Insights into Metabolic
Engineering of the Biosynthesis
of Glycine Betaine and Melatonin
to Improve Plant Abiotic Stress
Tolerance

Cisse El Hadji Malick, Miao Ling-Feng, Li Da-Dong
and Yang Fan

Abstract

Metabolic engineering in plant can be describe as a tool using molecular
biological technologies which promotes enzymatic reactions that can enhance
the biosynthesis of existing compounds such as glycine betaine (GB) in plant
species that are able to accumulate GB, or produce news compounds like GB in
non-accumulators plants. Moreover we can include to these definition, the media-
tion in the degradation of diverse compounds in plant organism. For decades, one
of the most popular ideas in metabolic engineering literature is the idea that the
improvement of gly betaine or melatonin accumulation in plant under environ-
mental stress can be the main window to ameliorate stress tolerance in diverse
plant species. A challenging problem in this domain is the integration of different
molecular technologies like transgenesis, enzyme kinetics, promoter analysis,
biochemistry and genetics, protein sorting, cloning or comparative physiology to
reach that objective. A large number of approaches have been developed over the
last few decades in metabolic engineering to overcome this problem. Therefore, we
examine some previous work and propose some understanding about the use of
metabolic engineering in plant stress tolerance. Moreover, this chapter will focus
on melatonin (Hormone) and gly betaine (Osmolyte) biosynthesis pathways in
engineering stress resistance.

Keywords: metabolic engineering, biosynthesis, molecular, abiotic stress,
stress tolerance

1. Introduction

The global climate change influence negatively plant growth and development
via the increase of the intensity of various abiotic stresses such as drought, chill-
ing, salinity, waterlogging or flooding. Environmental stresses are one of the most
threatening factors that can cause massive losses in agricultural crop production,
ranging from 50-70% [1]. Plant biotechnology and engineering are promising
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platform for exploring the unlimited potential of many various plants species [2].
In recent years, plant metabolism engineering provides successful pathways to
increase the production of metabolites that can significantly counterattack the
damages caused by diverse abiotic stresses [3]. To improve stress tolerance in plant,
various metabolic engineering technologies were used to introduce or increase the
synthesis of diverse osmolytes, secondary metabolites or hormones. The adapta-
tion of various plant species to stressful environments can be managed through:

(i) the identification of diverse mechanisms developed by plants to counterbalance
abiotic stresses (ii) and the improvement of these processes in plants by metabolic
engineering [4, 5]. Plant by-products including hormone (melatonin, MT) and
osmoprotectant (glycine betaine, GB) that play a prominent roles in plant stress
tolerance have been targeting in various plant species to counterattack environ-
mental stresses. The clarification of the biosynthetic pathway of various plant
compounds has provided the possibility to metabolically engineer new capabilities
in plants as well as successfully engineer whole pathways into microbial systems [6].
Under environmental stresses plant is able to accumulate different molecules such
as melatonin or glycine betaine to provide stress tolerance by counteracting with
oxidative stress caused by drought, chilling, salinity or heavy metal stresses [7-9].
The protective properties of GB and MT in plant under abiotic stresses had made
these substances targets for plant engineering resistance.

The natural biosynthesis of glycine betaine takes place in marine algae and
various higher plant species belong to diverse families, counting the Gramineae,
Malvaceae, Asteraceae, or Amaranthaceae [10-14]. Glycine betaine accumulation
in non-accumulators and accumulators plant species under environmental stresses
has long been a target for engineering stress resistance [15, 16]. The biosynthesis of
glycine betaine passes by choline — betaine aldehyde — glycine betaine pathways.
Most of the enzymes involving in these pathways such as choline monooxygenase
(CMO) or betaine aldehyde dehydrogenase (BADH) have been identified, and
genes for some of them have been cloned [4, 13].

Indeed, GB as a non-toxic molecule is biosynthesized through two phases of
choline oxidation: the first step (Choline — betaine aldehyde) is catalyzed by CMO,
and the second step (Betaine aldehyde — glycine betaine) is activated by BADH
[13, 17]. The expression of CMO or BADH in tobacco has been done via the cDNA
from two natural glycine betaine accumulators; spinach and sugar beet plants. The
35S promoter from plant virus, cauliflower mosaic virus which is a fundamental
element of transgenic constructs in the majority of genetically modified plant spe-
cies was used in transgenic tobacco to control the expression of cDNA for BADH
pathway [18]. Also, a crucial tool in metabolism engineering of glycine betaine
pathway is the use of a single gene codA from Arthrobacter globiformis which is
involved in the synthesis of GB [19]. However, GB accumulation in transgenic
plants depends on the capacity of endogenous choline uptake, the type of gene
that catalyzes the GB biosynthetic pathway, and the localization of the transgene
product in a particular cellular compartment [20].

Melatonin a plant hormone identified in a wide variety of animals and plants,
has been extensively studied in plants for its properties to counteract with various
environmental and biotic stresses [21, 22]. Transcriptome analyses indicated that
melatonin primarily affects the pathways of plant hormone signal transduction
and biosynthesis of secondary metabolites [23]. In plant the biosynthesis of mela-
tonin is initiated with tryptophan which is converted in serotonin, and between
the tryptophan and melatonin, the enzymes hydroxyindole-O-methyltransferase
and caffeic acid O-methyltransferase (ASMT/COMT) catalyzed a reaction that
produce an intermediate molecule named 5-methoxytryptamine [24-26]. The
related enzymes involved in melatonin biosynthesis pathway have been targeted
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to improve stress tolerance in diverse plant species. The over expression of COMT
like gene (TaCOMT) in a transgenic Arabidopsis via various metabolic engineering
techniques (cloning, transgenesis, genetics or promoter analysis) provided drought
tolerance by increasing the concentration of melatonin [27]. Other enzymes such

as serotonin N-acetyltransferase (MsSNAT) involve in melatonin biosynthesis have
been targeted in rice [28] or Arabidopsis [29] to provide stress tolerance, either to
clarify the role of melatonin in plant. This chapter will focus on the use of glycine
betaine, spermidine and melatonin in plant metabolism engineering, particularly in
stress engineering.

2. Glycine betaine and metabolism engineering

Glycinebetaine is a quaternary ammonium compound that appears commonly in
a large diversity of plants, animals and microorganisms, the first betaine discovered
was trimethylglycine (Figure 1) named also N, N,N-trimethylglycine [8, 12]. The
glycine betaine as a osmolytes is a crucial non-toxic molecule that is accumulated in
various plant species under environmental stresses [15].

2.1 Glycine betaine biosynthesis

GB synthesis begins with an essential molecule named choline, synthesized
through three sequential adenosyl-methionine dependent methylations of
phospho-ethanolamine catalyzed by the cytosolic enzyme phosphoethanolamine
methyltransferase (phosphoethanolamine N-methyltransferase) [30]. In plant, the
biosynthesis of GB is two steps of oxidation initiated with choline and then betaine
aldehyde (Figure 2). In plant such as Arabidopsis the biosynthesis of choline can be
resume by this following line: L-serine — ethanolamine — O-phosphoethanolamine
— N-methylethanolamine phosphate — N-dimethylethanolamine phos-
phate — phosphocholine — choline [31-33]. Pursuing the transformation of
N-methylethanolamine phosphate by phosphoethanolamine methyltransferase
(PeMt) the byproduct differs according to the plant species, for instance in that
stage the spinach produce choline like in Arabidopsis choline biosynthesis pathway,
meanwhile in tobacco PeMt catalyzed a reaction that synthesize phosphatidyl-
choline in the first place then metabolized to choline [8, 15]. The first stage of GB
biosynthesis is modulated by CMO which is an Fd-dependent monooxygenase with
a Rieske-type iron—sulfur (2Fe-2S) cluster-binding motif. The second stage of GB

O
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Figure 1.
N,N,N-trimethylglycine.
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Catalyzcd by choline monooxygenase
(CMO)

Belainc aldchyde

Catalyzed by betainealdehyde dehydrogenase
(BADH)

Belaine

Figure 2.
Diagram of GB biosynthesis in brief.

biosynthesis is catalyzed by BADH, an enzyme belong to the superfamily of alde-
hyde dehydrogenases which is an NAD* or NADP* dependent [17, 34].

2.2 Glycine betaine and environmental stress

Many plants are able to accumulate naturally GB and diverse osmoprotectants
to balance the disruption of plant cell homeostasis caused by environmental stress
such as drought, chilling, salinity or high temperature [8, 35, 36]. Many stud-
ies have been reported on the positive effect of endogenous GB in plants under
abiotic stresses. The role of glycine betaine in osmotic adjustment was related in
Amaranthus tricolor [37] and Hordeum maritimum [38] under salinity. The role of
GB against oxidative stress via scavenging the reactive oxygen species and increas-
ing the antioxidant activities was reported in many studies [39-41]. For these rea-
sons, the use of glycine betaine in non accumulator and accumulator plant species
become more popular in plant physiology. Indeed, several reports have related the
positive effect of GB in transgenic plants (Table1).

2.3 Glycine betaine engineering

The idea of introducing GB pathway and its high accumulation in plant under
environmental stresses has long been a target for metabolism engineering stress
tolerance. The feasibility of this process was based on comparative physiology
and genetic evidence from a maize mutant [15, 54]. Metabolic engineering of the
biosynthesis of GB from choline by using various genes such as codA or BADH gene
gained more attention to improve stress tolerance in crop and woody plants that are
incapable of synthesizing GB under abiotic stresses [8, 18, 55]. Moreover, genetic
engineering is also use to increase GB accumulation in various plant species which



Insights into Metabolic Engineering of the Biosynthesis of Glycine Betaine and Melatonin...
DOI: http://dx.doi.org/10.5772/intechopen.97770

Transgenic species GB Acc./ Type of abiotic Role in stress References
GB N-Acc. stress tolerance
Nicotiana tabacum GB N-Acc. Salinity Protection of the [42]
photosynthetic
apparatus
Zea mays GB Acc. Chilling stress Protect [43]
photosynthesis,
Homeostasis
Synechococcus sp. GB N-Acc. Low-Temperature Enhanced [44]
Photosynthesis
Oryza sativa GB N-Acc. Salinity, Chilling Improve [45]
stress photosynthesis and
phenotype
Gossypium hirsutum GB Acc. Drought Osmotic [46]
adjustment,
enhance yield
Nicotiana tabacum GB N-Acc. Salinity Phenotypic traits [47]
Triticum aestivum GB Acc. Heat and drought Promoted [48]
stress photosynthesis,
antioxidant and
water status
Lycopersicum GB N-Acc. Salinity Protect [49]
esculentum photosynthesis and
reproductive organs
Lycopersicum GB N-Acc. High temperature Enhanced the [50]
esculentum expression of heat-
shock genes
Oryza sativa GB N-Acc. Water stress Enhance Survival [51]
rate and agronomic
traits
Lycopersicum GB N-Acc. Chilling stress Promoted ROS [52]
esculentum scavenge
Brassica chinensis GB N-Acc. High salinity and Promote [53]
high temperature photosynthesis

Table 1.

Reported roles of GB in transgenic plant under abiotic stresses.

produce a low concentration of GB that might not be sufficient for osmoregulation
to counteract with abiotic stress [56].

The genes (codA or cDNA BADH) and enzymes involve in GB biosynthesis
have been identified and cloned. GB has been successfully synthesized in various
targeted organisms and provided stress tolerance via genetic engineering (Table 2).

2.3.1 Genetic engineering of GB via codA gene

As shown in Table 2, many species that can accumulate or not GB have been
targeted via genetic engineering to synthesize or over accumulate GB under both
stressed and non-stressed conditions. The choline oxidase (codA) from A. globifor-
mis has been widely used in various transgenic plant species to synthesize GB, and
codA has the ability to convert choline in one reaction [56].

The catalytic activity of choline oxidase (EC: 1.1.3.17) in A. globiformis results in
this following equation: (Choline + H,O + 2 O, = glycine betaine + H" + 2 H,0,) [63].
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Transgenic GB Acc./ Genes Protein Organism Rolesinplant  References
species GB N-Acc. targeted Encoded sources/
Promoter
Oryza sativa GB N-Acc. codA Choline Arthrobacter Water stress [51]
oxidase globiformis tolerance
Zea mays/ GB Acc. GB1(novel GB1 Zea mays H-GB Enhanced [57]
Glycine max gene) protein genotype / endogenous

- Agrobacterium GB synthesis
- Rice actin and

- 35S promoter
Nicotiana GB N-Acc. cDNA BADH Spinacia oleracea  Betaine [13]
tabacum sequence and Beta vulgaris  aldehyde
resistance
Lycopersicum ~ GB N-Acc. codA Choline Arthrobacter Modulation [58]
esculentum oxidase globiformis of phosphate
homeostasis
under stress
Lycopersicum GB N-Acc. codA Choline Arthrobacter Reproductive [59]
esculentum oxidase globiformis organs
regulation
Brassica GB Acc. codA Choline Arthrobacter Photo [11]
Juncea oxidase globiformis inhibition
tolerance
Nicotiana GB N-Acc. BADH BADH Hordeum vulgare  GB synthesis [60]
tabacum cDNA innon
accumulator
plant
Nicotiana GB N-Acc. BADH BADH Escherichia coli Salt tolerance [47]
tabacum cDNA
Eucalyptus GB Acc. codA Choline Arthrobacter Enhance [61]
camaldulensis oxidase globiformis/ of GB
CaMV 35 biosynthesis
promoter
Eucalyptus GB Acc. codA Choline Arthrobacter GB [62]
globulus oxidase globiformis accumulation
Triticum GB Acc. BADH BADH Atriplex Stress [48]
aestivum gene hortensis tolerance
Table 2.

Overview of GB genetic engineering in various plant species.

The codA gene is of particular interest with respect to the engineering of desir-
able productive traits in crop plants and stress tolerance. In transgenic tomato and
brown mustard the codA was targeted to the chloroplast and cytosol which allowed
GB accumulation for an increase of stress tolerance [19, 59]. Further, transgenic
indica rice showed a significant increase of water-stress tolerance and transcriptome
changes via codA gene expression [51]. One of the advantages of using choline
oxidase pathway as a tool for engineering GB synthesis in plant is that the addi-
tion of a single gene codA is enough for the conversion of choline to GB [8]. The
codA transgenic plant has showed their abilities to counteract with environmental
stresses such as salinity, high temperature, high light, cold stress and freezing in
different plant growth stages [64].
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2.3.2 Genetic engineering of GB via BADH gene

The other pathway that provided successful results in genetic engineering of GB
biosynthesis in various transgenic plant species is the BADH pathway (Table 2).
BADH is one of the most prominent genes involved in the biosynthetic pathway of
GB, and its utilization in various plant species has led to an increased tolerance to a
variety of environmental stresses [65]. Indeed, the second step of GB biosynthesis
is performed by betaine aldehyde dehydrogenase (BADH) that can be encoded by
betB or betA gene from E. coli. BADH is an NDA-dependent dehydrogenase that has
been characterized and cloned from plants species belong to the Amaranthaceae
and Gramineae families [15]. The BADH pathway has been targeted in the chlo-
roplasts in N. tabacum [13] and in peroxisomes in Gramineae [60]. Many studies
showed positive results in stress tolerance in transgenic plants with genes betA, betB
or both from Escherichia coli encoding Oxygen-dependent choline dehydrogenase
(CHDH) and BADH [8]. The catalytic activities of CHDH (EC: 1.1.99.1) encode by
betA from E. coli can be resume by this following Eq. (A + choline = AH2 + betaine
aldehyde), A (hydrogen acceptor) and AH2 (hydrogen donor) [66]. Meanwhile the
catalytic activities of the NAD/NADP-dependent betaine aldehyde dehydrogenase
(EC:1.2.1.8) are done by this equation: (betaine aldehyde + H20 + NAD" = glycine
betaine +2 H* + NADH) [66, 67]. The equation for the catalytic activities is similar
for chloroplastic betaine aldehyde dehydrogenase in sugar beet or spinach compared
to those of E. coli.

3. Metabolism engineering of melatonin

Melatonin (Figure 3) as an ancient pleiotropic bio-molecule which can be traced
back to the origin of life, is present in both animal and plant organisms [24, 68]. In
plant, melatonin has been found in diverse family and at different stage of growth:
Asteraceae, papaveracea, apiaceae, linaceae, fabaceae, poaceae, rosaceae, lamiaceae,
solanaceae, musaceae or vitacea etc. [69].

Melatonin (N-acetyl-5-methoxytryptamine), a multifunctional plant hormone,
was discovered in plants in 1995 [70]. Moreover, the presence of melatonin in plant
was confirmed in Chenopodium rubrum via chromatography/tandem mass spec-
trometry and radio-immuno-assays [71]. Melatonin has multi-functional actions

O
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Figure 3.
N-acetyl-5-methoxytryptamine.
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that improve cellular and organ health in various plant species and it is a powerful
antioxidant in both animals and plants [72].

Melatonin functions as a metabolite with numerous roles in plant, including
plant stress responses such as chilling, oxidative stress, drought, salt stress and
nutrients deficiency, moreover melatonin can regulates plant growth and develop-
ment, such as root organogenesis, flowering, and senescence [9, 73, 74]. Plenty of
studies have focused on the function and regulation of melatonin in transgenic
plants because of its crucial role in plant regulation.

3.1 Melatonin biosynthesis pathways in plant

The Figure 4 shows a schematic representation of the biosynthesis of MT, in
which the tryptophan is synthesized via shikimic acid pathway that is also respon-
sible for the synthesis of vitamins and aromatic amino acids such as phenylalanine
and tyrosine. In plants, tryptophan is converted to Tryptamine via a reaction cata-
lyzed by tryptophan decarboxylase (TDC) [75], and the production of serotonin
from Tryptamine is activated by tryptamine 5-hydroxylase [76]. The formation of
melatonin is preceded by two reactions from serotonin; the first reaction catalyzed
by ASMT transform serotonin to 5-methoxytryptamine, and the last step is cata-
lyzed by N-acetyltransferase [77].

As far as we know, there are 6 genes which are involved in plant melatonin bio-
synthesis: TDC, TPH, T5H, SNAT, ASMT, and COMT [68], and the keys enzymes
they encoded are the; L-tryptophan decarboxylase, tryptophan hydroxylase,
serotonin-N-acetyltransferase, N-acetylserotonin methyltransferase and hydroxy-
indole-O-methyltransferase [24].

(Tryptophan decarboxylase)

Tryptophan |:> Tryptamine

(Tryptamine 5-hydroxylase) — ﬂ

Serotonin

hydroxyindole-O-methyltransferase —"ﬂ

5-methoxytryptamine

N-acetyltransferase _>ﬂ

Melatonin

Figure 4.
A schematic representation of melatonin biosynthesis in brief.
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3.2 Melatonin involve in abiotic stress tolerance

Melatonin is well know as a hormone which can significantly increase the
plant survival rates, photosynthetic efficiency and antioxidant activities in
plant under environmental stress [74, 78]. For these reasons, many studies were
focused on the effects of exogenous melatonin on various plant species under
abiotic stress. Indeed, exogenous melatonin could stimulate the biosynthesis of
cold tolerance agents and contribute to increase the plant growth and develop-
ment under cold stress [79]. As show Table 3, the alleviation of environmental
stresses by melatonin has been investigated in many plant species: under drought
(Zea mays) [89], under heavy metal (Caryaca thayensis) [90], under chill-
ing stress (Cynodon dactylon) [91] and under salinity (Cucumis sativus) [82].
Compared to glycine betaine genetic engineering in plant under stress, the use of
melatonin in transgenic plant to provide stress tolerance is fewer. However, there
is several studies that focused on the over expression of melatonin via metabolic
engineering (Table 3).

In Transgenic Arabidopsis the over expression of N-acetyltransferase gene
increased salt tolerance via the increase in autophagy, and the reestablishment
of redox and ion homeostasis [29]. Furthermore, increase of over-expressing
N-acetyltransferase gene enhances the endogenous content in transgenic rice that
provoked pleiotropic phenotypes, including enhanced seedling growth, delayed
flowering, and low grain yield [28].

Plant species Transgenic/exogenous Stress Rolein stress References
Oryza sativa Transgenic Chilling Promote [80]
photosynthesis
Malus hupehensis Exogenous MT Salt stress Boost antioxidant [81]
system
Avabidopsis Transgenic Drought Enhanced melatonin [27]
thaliana content
Cucumis sativus Exogenous MT Salt stress Enhanced the rate of [82]

germination

Lycopersicum Transgenic Drought Enhanced melatonin [83]
esculentum content
Oryza sativa Transgenic Heavy Enhanced stress [84]
metal stress tolerance
(Cadmium)
Oryza sativa Transgenic Herbicide oxidative stress [85]
resistance
Nicotiana Transgenic UV-B Reduced DNA [86]
sylvestris radiation damages
Phacelia Exogenous MT high Promoted [87]
tanacetifolia temperature germination
and light
Lycopersicum Transgenic Salt stress ROS scavenge [88]
esculentum
Avabidopsis Transgenic Salt stress Increase in [29]
thaliana autophagy

and rebalance
homeostasis

Table 3.
Reported roles of MT exogenously applied and in transgenic plant under abiotic stresses.
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Transgenic  Genes Protein encoded Organism source/ Functions References
species targeted transformer/vector
Medicago MsASMT;  N-acetylserotonin Alfalfal Agrobacterium Ameliorated [92]
sativa methyltransferase strain EHA105/pZh01-  Plant Growth
MsASMT1 vector
Panicum AANAT arylalkylamine Ovine/Agrobacterium-  Improved [93]
virgatum and N-acetyltransferase / mediated method / growthand
HIOMT hydroxyindole vector Ubi1301 salt tolerance
O-methyltransferase
Oryza sativa ~ ASDAC N-acetylserotonin Rice/Agrobacterium Regulationof ~ [94]
deacetylase tumefaciens/ melatonin in
pTCK303:ASDAC plant
RNAI binary and
pIPKb002:ASDAC
vector
Avabidopsis  ¢cDNA Caffeic acid Wheat/Agrobacterium Promoted [27]
thaliana TaCOMT  3-O-methyltransferase  tumefaciens drought
strain GV3101/ tolerance
pCAMBIA1302-
TaCOMT vector
Oryza sativa ~ OaSNAT Serotonin Sheep/Agrobacterium- Homeostasic ~ [95]
(SNAT) N-acetyltransferase mediated method regulation of
melatonin
Avabidopsis MsSNAT serotonin Alfalfa/Agrobacterium-  Salttolerance  [29]
thaliana N-acetyltransferase mediated method
Arabidopsis  MzASMT;  N-acetylserotonin-O- Apple/35S promoter Drought [96]
thaliana (ASTM) methyltransferase tolerance
Panicum HIOMT hydroxyindole Ovine/Agrobacterium-  biosynthetic ~ [97]
virgatum O-methyltransferase mediated method and
physiological
functional
networks of
melatonin
Nicotiana AANAT arylalkylamine Agrobacterium Inhibited [86]
sylvestris HIOMT N-acetyltransferase/ tumefaciens-mediated UV-B-
hydroxyindole-O- transformation induced DNA
methyltransferase damage
Lycopersicum ~ SICOMT1  caffeicacid Tomato/Agrobacterium  Salttolerance  [88]
esculentum O-methyl-transferase LBA4404/pMD18-T
cloning, pCXSN-Myc,
SICOMT1-Myc over-
expression vectors
Table 4.

Overview of MT metabolic engineering in diverse plants.

3.3 Melatonin in plant metabolism engineering

Previous studies using genetic engineering (transgenic plant) in various plants
species with low or high MT accumulation has been achieved to determined the
role of MT in plant growth regulation, stress tolerance or MT function in plant
(Table 4). Indeed it was reported the implication of MT in seed germination,
root development, fruit ripening, senescence, yield, circadian rhythm and plant
homeostasis [98]. Ectopic over-expression (transgenesis) of human serotonin
N-acetyltransferase increased endogenous melatonin that allowed transgenic rice
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seedlings to face chilling stress [80]. The increase of endogenous melatonin in
various transgenic plant organisms compared to the wild type has been reported in
Arabidopsis thaliana [29], in Lycopersicum esculentum [88] or in Medicago sativa [92].

Most of the studies in MT transgenesis are based on the ability of Agrobacterium
to transfer DNA to plant cells by genetic engineering (Table 4). Indeed
Agrobacterium tumefaciens is a widespread naturally occurring soil bacterium
which demonstrated a great ability to introduce new genetic material into diverse
plant cell species [99]. The Agrobacterium-mediated transformation process can
be resumed in this following line: 1- Isolation of the targeted genes — 2- devel-
opment of a functional transgenic construct — 3- insertion of the transgene
— 4- introduction of the T-DNA-containing-plasmid into Agrobacterium —

5- mixture of the transformed Agrobacterium with plant cells — 6- regeneration

of the transformed cells into transgenic plant — 7- testing for trait performance

or transgene expression [99-101]. The catalytic activities of different enzymes
involved in MT metabolic engineering have been elucidated in various species. The
catalytic activity of Acetylserotonin O-methyltransferase (EC: 2.1.1.4) encoded by
ASMT gene in Homo sapiens is done by this following line: (N-acetylserotonin +
S-adenosyl-L-methionine = H* + melatonin + S-adenosyl-L-homocysteine) [102].
The catalytic activity of Serotonin N-acetyltransferase (EC: 2.3.1.87) from Ovis
aries (Sheep) encoded by AANAT gene is done by this reaction: (2-arylethylamine +
acetyl-CoA = CoA + H" + N-acetyl-2-arylethylamine) [103]. Moreover the catalytic
activity of Caffeic acid 3-O-methyltransferase (EC: 2.1.1.68) implicated in many MT
genetic engineering manipulations has been decoded in Medicago sativa (Alfalfa):
((E)-caffeate + S-adenosyl-L-methionine = (E)-ferulate + H* + S-adenosyl-L-
homocysteine) [104].

The elucidations of these reactions and techniques provided a huge benefit to
increase the use of those compounds in metabolic engineering. There are others
areas to explore and clarify to shed light the use of melatonin or glycine betaine
metabolic engineering.
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Abstract

Environmental degradation and climate change are key current threats to world
agriculture and food security and human-induced changes have been significant
driving forces of this global environmental change. An important component is
land degradation which results in a diminished soil organic carbon (SOC) stock
with concomitant loss of soil condition and function. Land management to improve
soil organic matter content, condition and productivity is therefore a key strategy
to safeguard agricultural production, food supply and environmental quality. Soil
organic carbon sequestration through the use of plant species with high photosyn-
thetic efficiency, deep roots and high biomass production is one important strategy
to achieve this. Tropical pastures, which are adapted to a wide range of environ-
mental conditions have particular potential in this regard and have been used
extensively for land rehabilitation. Tropical pastures also have advantages over trees
for biomass and carbon accumulation due to their rapid establishment, suitability
for annual harvest, continual and rapid growth rates. In addition, tropical pastures
have the potential for SOC storage in subsoil horizons due to their deep root systems
and can be used as biomass energy crops, which could further promote their use
as a climate change mitigation option. Here we aimed to review current knowledge
regarding the SOC storage potential of tropical grasses worldwide and identi-
fied knowledge gaps and current research needs for the use of tropical grasses in
agricultural production system.

Keywords: Soil organic carbon, Tropical perennial grass, climate change mitigation

1. Introduction

Environmental degradation and climate change are key current threats to world
agriculture and food security [1-5]. Human-induced changes to land cover have
been significant driving forces of this global environmental change, of which,
soil degradation resulting from land conversion, agricultural intensification, soil
disturbance and increased erosion have been key factors [6-9]. An important
component of this land degradation globally has been a diminished SOC stock with
concomitant loss of soil condition and function, compromising food production
and agricultural sustainability [10-12]. Land and soil management to increase soil
organic matter content, soil condition and productivity is therefore a key need glob-
ally to safeguard agricultural production, food supply and environmental quality.
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Organic carbon in soils globally is estimated to be between 1500 and 1600 Gt
[13, 14] to 1.0 m depth which represents a significant component of the global
carbon cycle, storing more carbon than is contained in vegetation and the atmo-
sphere combined [15-17]. It has been estimated that, worldwide, soils have lost
between 42 and 78 Gt of their original SOC as a result of management pressures
[18]. With this carbon depletion, however, comes a significant opportunity, since
soils are believed to have the capacity to store an additional 0.4-1.2 Gt C year™"
with the introduction of more judicious land management practices [3, 7, 19-22].
As such, soils globally have considerable potential to offset greenhouse gas
(GHG) emissions and SOC storage has been widely promoted as an important
strategy to help meet national and international emissions reduction targets [23].
Additional SOC storage might therefore have the dual benefit of contributing to
our response to climate change globally whilst helping to restore soil condition
and function to promote sustainable land management, improved production
and productivity [3, 7, 19, 20, 24].

Methodologies and management practices that reduce SOC loss or promote
the storage of additional soil carbon are being actively investigated globally. It
has been widely reported that cultivation accelerates organic matter decomposi-
tion by exposing sites within soil aggregates that were previously protected
[25-29] while soil erosion, vegetation clearing and removal of crop residue are
also known to result in long—term soil carbon loss [30, 31]. However, there are
management practices which seem to either arrest SOC loss (e.G. minimum
tillage) or to promote carbon storage such as afforestation, pasture conversion,
grazing management, cover crops, water harvesting, erosion control and the
use of soil amendments including biochar [32]. Not all of these are practical in
production landscapes globally and not all will be equally effective in the man-
agement of SOC. The effectiveness of various management practices is therefore
being explored to facilitate optimum carbon storage that can be integrated with
agricultural production systems.

An approach that has attracted particular attention is the use of perennial grass
species within the production system, which appear to significantly increase SOC
across a range of environments and this is particularly true where these perennial
grasses replace cropping systems [33-36]. Pastures are varied in terms of their
geographical distribution and species composition comprising native and exotic,
annual and perennial grasses, legumes, herbs and shrubs [37]. They are the primary
resource for many farm industries and are the basis for the production of meat,
wool, milk and fodder. Schuman et al. [38] estimated the SOC under grazing lands
of the world to be 10-30% of the total global SOC stock, while Janssens et al. [39]
estimated the overall C sink in grassland soils of most European countries to average
approximately 60 g C m™ year .

Tropical perennial grass species have been particularly promoted due to the high
biomass and carbon accumulation resulting from their excellent photosynthetic
efficiency, rapid establishment, fast growth, deep root systems and potential annual
harvest [28, 40, 41] and Parton et al. [42] suggested that tropical grasses have
significant potential as a carbon sink. However, there is a research need to fully
quantify their capacity to store additional soil carbon relative to other management
systems and hence, their potential for greenhouse gas (GHG) abatement and soil
condition recovery [43-45].

Here we aimed to review current knowledge with regard to the SOC stor-
age potential of tropical grasses worldwide given their wide distribution and
extensive use, where current agricultural policy environments have identified
land management innovations as key entry point to achieve co-benefits of resil-
ient agriculture, poverty alleviation, and climate change mitigation. Hence, we
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identify knowledge gaps and current research needs to fully explore the potential
of tropical grass species for SOC change.

2. SOC storage potential of tropical grasses

A number of studies have considered the soil carbon storage potential of tropical
pastures by comparison with other management systems. An empirical, five year
study of tropical ecosystems in South America by Amézquita et al. [46], demon-
strated that although tropical pastures were second only to native forest in the quan-
tity of SOC stored, organic carbon in the soils of these pasture systems represented
a higher proportion (95-98%) of the total ecosystem carbon than comparable native
tropical forest systems and silvo—pastoral systems. Desjardins et al. [47], reported
that where tropical forest was converted to tropical pasture in Brazilian Amazonia,
a slight increase in SOC content occurred in both sandy and clay soils while Post
and Kwon [48] described the similarity of the average rates of SOC accumulation in
forest and grasslands of 33.8 and 33.2 g C m™* y ™, respectively through time fol-
lowing management although above ground carbon is lost. In Australia, Chan and
McCoy [43] also identified the potential of introduced perennial pasture (Kikuyu)
to store a mean of 73 Mg C ha™ in soil which was similar to soils under native trees
(77 Mg ha™). Under some circumstances, tropical pastures have been reported to
have a greater capacity to store SOC compared with trees or forest. For example,

Grass type Age (Year) Sampling MgC MgC Country/ Source
depth (cm) ha™ yr! ha' region
African grass — — 8.67 — Latin America [50]
Andropogon 0-100 14.45 — Latin America [50, 51]
guyanus
Brachiaria 35 — 8.57 30 Latin America [52]
dictyoneura
Lemongrass — 0-30 3.08 — India [53]
“ — 0-30 5.38 — India [54]
Palmarosa — 0-30 2.79 — India [53]
“ — 0-30 6.14 — India [54]
Kikuyu 3 0-10 26 34¢g Australia [55]
(kg™
“ 15 0-20 —_ 67.2 Australia [43]
“ — 0-30 0.9 — West [56, 571
Australia
“ — 0-30 0.26 — South [56, 57]
Australia
Miscanthus 10 0-80 0.78 — Europe [58]
“ 25 0-30 0.73 1.82 UK [59]
«“ 2.5 0-30 0.87 217 UK [59]
Vetiver 5 0-30 5.54 — India [53, 54]
« 7 0-30 1.61% Ethiopia [60]
Table 1.

Total soil carbon stored under different tropical grasses with different soil sampling depth and age of
plantation.

23



Botany - Recent Advances and Applications

Guo et al. [49], reported 15-20% larger soil C stocks under native pasture compared
with a 16 year old pine plantation to 1.0 m in the soil profile. These findings seem to
be convincing, although some caution must be attached to many such results given
that they typically do not account for above-ground biomass and are rarely reported
on an equivalent mass basis. There is nevertheless, growing evidence that tropical
pastures might have the capacity to store SOC that is at least equivalent to that of
forest systems in terms of rate and quantity of accumulation. However, the quantity
and rate of carbon accumulation would appear to be moderated by environmental
conditions and both preceding and ongoing management practices. Consideration
and knowledge of the behavior and potential carbon storage of particular tropical
grass species has much to add to this debate.

Some specific tropical grass species (Table 1) such as Andropogon guyanus (gamba
grass, Rhodesian bluegrass, tambuki grass), Lemongrass (Cymbopogon citratus),
Palmarosa (Cymbopogon martinii), Kikuyu (Pennisetum clandestinum); Miscanthus
(M. giganteus), Vetiver (Chrysopogon zizanioides) have been highlighted for improving
soil carbon storage potential even though their efficiency is determined by a range
of environmental and management factors [46, 60-64]. However, Fearnside and
Barbosa [62], found that management practices could on the other hand determine
whether tropical pasture soils could be net sinks or sources of carbon, demonstrating
in Brazilian Amazonia, that under “typical” (without inputs or other practices) and
“ideal” (with variety of appropriate practices) management, tropical pasture soils
were a net carbon source releasing an average of 12 Mg C ha™ following deforestation.

3. Processes of SOC storage

The process by which organic carbon stored in soils follows various pathways
such as roots, root exudates and litter (both above- and below-ground). Plant litter
consists of dead roots, is a primary source of soil organic matter which is the larg-
est terrestrial pool of carbon [65]. Despite, often considered separate processes of
litter decomposition and soil organic matter stabilization is an important control
of carbon storage and SOC dynamics [66, 67]. Decomposition of plant litter is one
of the main processes driving nutrient and carbon (C) cycling in terrestrial ecosys-
tems [68]. The effect of litter quality on SOM stabilization is inconsistent and litter
addition promotes SOC mineralization, but this promotion alters by soil moisture
and litter type [69]. Hence, understanding the interactions between the initial
composition and subsequent decomposition of plant litter help to understand the
flow of organic matter between soil carbon pools [70]. Root exudates are also one
of the various pathways through which the carbons fixed released into soils [71].
Plants release a part of their metabolome into soils and thereby provide informa-
tion about the potential biological function of exudates in the rhizosphere [72].

Root biomass production is an important plant component that can contribute
to soil carbon sequestration. A strong fibrous root system, penetrating deep into the
soil profile and growing vertically rather than horizontally, is therefore desirable to
maximize soil carbon sequestration. Hence, the large root systems of tropical grasses
might potentially facilitate long term deep carbon storage and reduce the chance of
decomposition and carbon loss [44]. For example, the roots of vetiver grass have
been found to contribute significantly more to additional SOC storage than those of
other grass species [60, 63, 73]. Although the extent of SOC sequestration potential
of tropical grass species still requires further research, they would appear to have
particular promise with regard to soil carbon storage compared with other species.

Due to their large biomass production and their extensive and fast growing
root system, tropical perennial grasses would seem to have the capacity to rapidly
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store or contribute large quantities of carbon in addition to their other varied uses
[53, 74]. Deep rooted tropical perennial grasses have been identified as the most
promising plants that could contribute to SOC storage and thus climate change
mitigation [44, 75-78]. Awoke [79] highlighted further the potential of tropical
grasses for both above- and below-ground C sequestration by planting strategically
on appropriate lands.

Most of studies relating to tropical grasses to date have focused on the actual
biomass production potential. However, there are only few studies which have
considered the actual net accumulation of carbon stored in the soil under tropical
grasses (Table 1) highlighting the need for controlled studies to determine not only
biomass and inputs but also the net effect of tropical perennial grasses in terms of
carbon storage and the mechanisms, stability and longevity of the carbon stored
such as the rate of new carbon turnover and carbon cycling of the newly added
carbon and the extent to which it is retained in the soil system.

4. Effect of cropland conversion to tropical pastures on soil carbon

Cropland conversion to pastures has recently become a common practice and is
believed to have considerable potential to store significant quantities of additional
SOC [19, 38, 80]. For example, Conant et al. [33] and Conant [81], reviewed stud-
ies worldwide and concluded that cropland conversion to grasslands can create a
significant carbon sink, with a mean 5% annual increase in SOC. In the mid-western
United States, agricultural land conversion to perennial grassland showed a constant
rate of 62 g C m™ year ' SOC accumulation over 40 years in the top 10 cm [82].
Similarly, Abberton et al. [83] reported that, in temperate regions, most grasslands
can be considered soil carbon sinks of up to 40 g C m™ year™ following cropland
conversion. Post and Kwon [48], further estimated that land use change from
cropping to grassland could result in an increase of 33.2 g soil C m™ year™ in the
USA. While a meta-analysis in temperate grasslands showed that at the 0-30 cm soil
depth over 20 years SOC sequestration reached 44 g C m™ year™' which is half of the
rate (95g C m™ year ") at which SOC is lost over a 20 year period following per-
manent grassland conversion to an annual crop [84]. These estimates suggest that
SOC recovery is possible but is usually slower than initial loss. Research in the south
eastern United States also suggested up to 100 g C m ™~ year ' could be sequestered
in soil following conversion of cropland into optimally grazed pastures (where the
available pasture matches the animal needs). These increases have been attributed
to the fast growth habit of pastures, negligible erosion and the minimal disturbance
to soil compared to cropping [28]. Although focused principally on temperate grass
pasture species, these studies demonstrate the potential increase of SOC as a result
of cropland conversion to grasslands.

5. Form and resilience of carbon stored under tropical grasses

Many of tropical pasture species have a distinctive carbon fixing (photosyn-
thesis) pathway and are referred to as C4 plants [43]. All plant species have the
more primitive C; pathway, described by the Calvin Cycle [85] but an additional
C, pathway evolved in species in the wet and dry tropics. C, pastures are those that
have the photosynthetic processes divided between mesophyll and bundle sheath
cells that are anatomically and biochemically separate, while C; pastures are those
which use only the Calvin cycle photosynthesis pathway for fixing CO, which takes
place inside of the chloroplast in mesophyll cells [86, 87].
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In terms of photosynthetic efficiency, C, grasses are approximately 50% more
efficient than C; plants as a result of this distinctive carbon fixation mechanism
[88]. Wang et al. [87], indicated that more efficient use of light and CO, in C4 plants
results in an increase in both biomass production and CO, fixation. Hence, as a
result of their high photosynthetic efficiency and productivity, tropical C, grasses
might be expected to have larger potential for SOC sequestration compared with
temperate and annual pastures [55]. Most tropical pastures are important peren-
nials and provide a permanent soil cover and thus prevent soil surface erosion
[89], which is of particular importance in the prevention of SOC loss by erosion.
Greenland [90] hypothesized that, with suitable management practices, tropical
grasses could have a significant potential as a soil carbon sink. Our knowledge of
perennial tropical species growth, interaction with the soil, potential quantities and
mechanisms of carbon storage remains incomplete [50].

It has been speculated that carbon storage in sub-soils might be an important
mechanism leading to increased SOC storage in soils [44, 77] and it is known that
tropical grasses translocate large quantities of carbon to their root systems [44].
This suggests an effective translocation to deeper soil layers where soil carbon is
typically more protected from decomposition processes [91-94]. Accumulation of
carbon in deeper soil layers might therefore be an important mechanism for carbon
storage under this vegetation type [59, 89, 95]. The deep rootedness of tropical pas-
tures might, therefore, potentially play an important role in transporting carbon
to deeper soil layers and therefore facilitate SOC storage. Indeed, Fisher et al. [52],
estimated that the introduction of deep rooted African grass pastures in Colombia
might account for the sequestration of 100-507 Mt. soil carbon year™ if their study
sites were indeed representative of similar pastures throughout South America.
These studies indicate the potential benefits of introducing deep rooted tropical
perennial grasses for SOC storage but also the need for further carbon inventory.

6. Factors affecting SOC sequestration

Tropical pastures grow continually year round and are adapted to a wide range of
soil and climate conditions because of the close interaction between climate factors
and soil properties [28, 96]. In addition to soil type, management and site history
could be important factors determining the direction and magnitude of change
in soil carbon stock [28]. Similarly Chan and McCoy [43], indicated the higher
effectiveness of pastures in increasing SOC storage under appropriate management.
Wilson and Lonergan [97], also demonstrated in Australia that native and improved
pastures in this environment had the same SOC quantity and that historical and
contemporary management practice is a key factor influencing net SOC. The man-
agement of tropical pastures is therefore a critical determinant of whether the soils
under this land use will represent a source or a sink of atmospheric carbon [62]. Poor
pasture management such as over grazing, frequent burning and conversion to cul-
tivated agricultural land could result in degradation and low productivity which can
reverse the carbon sequestration potential of tropical pastures leading to carbon loss
by erosion and oxidation [98]. Hence, the effects of tropical pastures on soil carbon
are likely to vary because of environmental and management factors. For example
Dalal et al. [99], demonstrated historical management as a key driver of SOC stock
particularly in the surface soil layers. Therefore, there is a need for controlled studies
that measure soil carbon with some certainty of the effects of both environmental
and management factors.

Clay soils in general play a greater role to slow the rate of decomposition, due
to both physical and chemical protection of SOC and typically promote larger soil
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carbon concentrations compared with sandy soils due to these SOC stabilization
processes [100-102]. Similarly, a water saturated soil might have lower rates of
organic matter breakdown because of a lack of oxygen for soil organisms compared
to soils exposed to the atmosphere. Therefore, soil improvement and adding essen-
tial inputs are important to increase the rate of organic carbon addition and pasture
production [28]. In addition, McKenzie and Mason [28], indicated that deep soil
profiles with fertile subsoil allow deep root penetration into subsoil which is much
cooler (less likely to promote decomposition) than the topsoil. Hence, maximizing
the carbon input by increasing the net primary production through nutrient addi-
tion, increased nutrient and water use efficiency and minimizing the rate of organic
matter decomposition after deposition in soil are important factors which can help
to increase the amount of carbon sequestered from the atmosphere [96].

Carbon accumulation in pasture lands can also be determined by the length of time
the land remains under pasture [64]. Hence, regardless of technologies or mecha-
nisms, the length of time must also be taken into account when considering long—term
carbon storage. Bouman et al. [103], stated that, due to various economic and biophys-
ical dimensions, sustainability of tropical pastures can also be affected by the pasture
type, age, and management which in turn can affect the carbon accumulation. Hence,
McDermot and Elavarthi [104], recommended that best management practices, site
specific policies and using technological options can offer good opportunities to gener-
ate positive effects on soil carbon accumulation by using tropical grasses.

Therefore, factors such as input versus outputs, climatic conditions, soil type
and properties, land use control, management practices are the factors affecting
SOC storage. Whenever there is a vegetation cover change from C; to C, plants, the
ratio of stable carbon isotopes (8"°C) can be used to track changes in SOC between
the C; and C, plants and the quantity of “new” carbon added [99, 105, 106]. The use
of stable isotopes offers a useful quantitative technique to allow the estimation of
organic carbon storage and turnover in soils, even when TOC changes are of limited
magnitude [107].

7. Opportunities and economic benefits of tropical pastures

Biomass energy is currently receiving considerable attention in response to
climate change and ever-increasing global energy demand [108-111] and tropi-
cal pastures would appear to have potential for the production of biofuels. For
example, Clifton-Brown et al. [40], suggested that Miscanthus which is known for
its high biomass production has value as a potential biofuel and the area over which
it grows could therefore be expanded significantly throughout Europe. Miscanthus
is grown in many European countries such as Austria, Denmark, France, Germany,
Hungary, Poland, Switzerland and the United Kingdom. In France for instance,
Miscanthus cultivation has increased since the first plantation in 2006 [112]. The EU
Biofuel directive promotes the expansion of biofuels and Miscanthus particularly as
a biomass energy source [113]. Hence, growing biomass energy crops (mainly tropi-
cal perennial grasses) specially in Europe is becoming common and expanding to
consider for potential soil carbon storage and this needs to be explored further even
in other parts of the world and using other different potential grasses.

8. Conclusion

Tropical pastures are potential candidates to contribute to climate change miti-
gation efforts through additional SOC storage due to their high biomass production,
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fast growth rates, and deep root systems. Using tropical grasses has also a low cost
of implementation to rehabilitate degraded lands and improve soil productivity
through increasing SOC. The existing literature on tropical grasses potential for soil
carbon sequestration provides positive indications that significant soil carbon stor-
age is possible. However, a number of further investigations are required to provide
a sound basis on which management decisions involving tropical grasses can be
made. We therefore recommend the following priority research actions to provide
the required information:

* Cropland conversion to tropical perennial pastures and its potential to achieve
multiple outcomes including soil health, soil security and sustainability in
addition to soil carbon storage.

* A range of tropical grass species should be assessed to determine their
potential to store additional carbon under specific climatic and management
conditions.

* There is a need to assess the processes and mechanisms of SOC storage in
deeper soil profiles under tropical perennial grasses to provide accurate
estimates of SOC stocks.

* The rate of soil carbon turnover and cycling of the new carbon added
and the extent to which it is retained in the soil system needs to be fully
quantified.

* Best management practices, site specific policies and technological options

which can positively affect soil carbon storage should be identified and clearly
defined.
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Chapter 3

Optimization and

Characterization of Novel and
Non-Edible Seed Oil Sources for
Biodiesel Production

Inam Ullah Khan and Syed Aftab Hussain Shah

Abstract

Biodiesel mainly comes from edible oil, and there is little research on its yield
from non-edible sources with low-cost oil. It is paramount to investigate the
non-edible oil resources which may lead to advance the commercial feasibility
of biodiesel and cost effectiveness as well as resolve the food issues. This chapter
describes four novel non-edible seed oil sources comprising Koelreuteria paniculata,
Rhus typhina, Acacia farnesiana and Albizzia julibrissin for biodiesel production. We
aimed to optimize different reaction parameters for oil extraction, alkali-catalyzed
transesterification process for maximal biodiesel production and finally evaluate
its compatibility with mineral diesel. The optimization factors in transesterifica-
tion included the molar ratio of methanol to oil, reaction time, stirring intensity,
catalyst concentration and temperature. Two methods have been described includ-
ing Soxhlet and mechanical for extraction of seed oil. The synthesized esters were
evaluated and characterized through the nuclear magnetic resonance (NMR;

'H and "C), Fourier transform infrared (FT-IR) and gas chromatography-mass
spectrometry (GC-MS) and the total conversion of crude oil to fatty acid methyl
esters (FAMEs) were established. The inductively coupled plasma-optical emission
spectrometry (ICP-OES) and Elemental Analyzer (EA) were used for evalua-
tion of elemental concentration. The physico-chemical characterizations of the
biodiesel, i.e., flash point, pour point, cloud point, and density were within the
American Society for Testing and Materials (ASTM; D6751) and European Standards
((EN14214). Koelreuteria paniculata produced highest biodiesel oil content by
Soxhlet extraction (28-30%) followed by the Albizzia julibrissin (19-24%), Acacia
farnesiana (23%), Rhus typhina (20-22%). The density ranged from 0.83-0.87 @
15°C (g/cm®) and the kinematic viscosity ranged from 3.75-6.3 (mm?/s) among all
the plant sources. Koelreuteria paniculata had highest Na (5456.2), Cr (1246.8), Ni
(658.36), and Al (346.87) elemental concentrations (pg/g) than other plant sources.
The elemental percent of C, H, N, and O of biodiesel ranged from 72.54-76.86,
11.25-13.34, 1.97-2.73, and 9.86-12, respectively. In conclusion, these non-edible
plant seeds offer a cheap source of renewable energy and can be easily grown on
barren and wastelands and contribute to efficient biodiesel production to mitigate
the energy crisis.

Keywords: Acacia farnesiana, Albizzia julibrissin, Rhus typhina,
Koelreuteria paniculata, Biodiesel
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1. Introduction

The global energy need has been confronting major challenges owing to popula-
tion growth and industrialization [1, 2]. Green house gases and their emissions as
well as developing energy safety mechanisms have perpetually turned the focus on
research and technological development in this sector. The researcher community is
applying renewable energy practices as an alternate to petroleum fuels with bio-
diesel, bioethanol, biomass, biogas, and synthetic fuels with the aim to curtail net
CO; emission, and improve air, soil, water and global warming [3]. The American
Biodiesel Standard Specification (ASTM 6751) defines biodiesel (also named fatty
acid methyl ester; FAMEs) as fuel comprising of monoalkyl esters of long-chain
fatty acids acquired from vegetable oils or animal fats [4]. The International Energy
Agency (IEA) provided the estimates about global market share of biofuels to be
increased from 1% (2004) to 7% by 2030 [5]. The need for utilizing biodiesel is
associated with its lower exhaust emissions (COx, SOx) and particulate matter [6].
Moreover, it possesses tremendous biodegradability [7], lubricity, storage [8], and
higher flash point [6], oxygen content than diesel [9-11]. The higher oxygen content
reflects the low carbon emissions, particulate emissions, CO, aromatic hydrocar-
bons, sulfur, smoke, and noise [12]. The major issues for biodiesel production and
commercialization from vegetable oils comprise their availability and manufacturing
cost [13].

The raw materials of biodiesel can be classified into three major groups includ-
ing vegetable oil (edible or non-edible oil), animal fat, and edible waste oil [14].
These sources possess triglycerides [15] which carry great potential. Biodiesel
obtained from vegetable oil has a viable market share in USA and European
countries [16]. The scientific community is facing eminent challenge remains for
suitable raw materials, their extraction and finally characterization for efficient
and cost-effective biodiesel production. The transesterification [17] is a special-
ized method for biodiesel production from vegetable sources through conversion
of one ester to another having low viscosity than the mineral diesel. The trans-
esterification reaction involves catalyst between triglycerides, and short-chain
alcohols, which produce monoesters, branched-chain, and long-chain triglyceride
molecules that are further converted into glycerol and monoesters [18]. The
three-step reaction forms monoglycerides and diglycerides as intermediates. As
methanol contains lower charge, it is efficiently used for commercial production of
biodiesel. Potassium hydroxide (KOH) as a predominate role in transesterification
reaction [19]. The palm, sunflower, coconut rapeseed, soybean, and flaxseed are
some of the raw materials being employed for commercialization [20]. Vegetable
oil contains complex structure so it cannot be directly used in diesel engines and
it will further aggravate the food supply chain through depletion of forests and
wildlife destruction. Thus, impetus, toward non-edible sources, has been shifted
for biodiesel production.

Feedstock has greater significance for ample availability of biodiesel [21]. The
redeeming traits of non-edible sources include their toxicity, no utility in human
food as it contains Erucic acid as major constituent of fatty acid; 56-66% [22],
and its easy cultivation on poor soils [23], and cost-effectiveness. Moreover, it is
very stable and possesses low melting point [24]. Biomass is a major energy source
covering almost 10-14% of global need due to its easy combustion, less pollution
and lower ash content [8]. However, it has equally low calorific value, thermal
efficiency (10 to 15%), and comparatively large volume and transportation
issues [8]. Chemically, biomass energy can be converted into liquid and gaseous
forms [25].

40



Optimization and Chavacterizgation of Novel and Non-Edible Seed Oil Sources for Biodiesel...
DOI: http://dx.doi.org/10.5772/intechopen.97496

Many studies have been conducted to explore the non-edible sources for bio-
diesel production comprising Croton megalocarpus [26], Prunus dulcis [27], Prunus
sibirica [28], Rhazya stricta Decne [29], rubber seed oil [30], Silybum marianum L.
[31], wild Brassica juncea L. [32], Jatropha curcas and Karanja [33-35], waste tal-
low [36], and notably, algae [37]. However, high-quality biodiesel production still
remains to decipher from existing economical non-edible sources [38].

2. Description of non-edible plant sources

Four novel and non-edible plant sources have been explored for bio-diesel
production comprising Koelreuteria paniculata [39], Rhus typhina [40], Acacia
farnesiana [41], and Albizzia julibrissin [42]. The plant seeds were collected from
China (Urumgqi, Binhai new area near Nankai University’s new campus Tianjin) and
Pakistan (Lakki Marwat and Islamabad).

2.1 Koelreuteria paniculata
Koelreuteria paniculata belongs to the family Sapindaceae. It is a novel

non-edible seed oil source that can be investigated for biodiesel production
(Figure 1). It is less likely that pests may destroy it. It can grow at different soil

Figure 1.
Koelreuteria paniculata. (A) Plant; (B) seeds; (C) biodiesel; (D) glycerin.
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environments, even at high pH soils. It possesses gorgeous inflorescence with
ellipsoid pods and contains abundance of seeds. About 15-20kg seeds are pro-
duced annually from a single plant. The feasibility of planting K. paniculata trees
ranges from 400 to 500 per hectare area with average production of 115,000 kg
seeds and 30,000 kg per hectare oil production. K. paniculata species have origin
from China, Japan, and Korea. K. paniculata is often used as an ornamental

plant and declared as an invasive due to the inexhaustible seed production and
offspring. K. paniculata is suitable to grow in unused and desolate lands and its
seeds can be effectively used as alternate energy source, which contain 28-30%
oil constituents [39, 43].

2.2 Rhus typhina L.

Rhus typhina L. (Staghorn sumac) is belongs to Anacardiaceae family
(Figure 2). It has greater distribution in subtropical and temperate regions around
the world, notably in Africa and North America. It has a maximum height ranging
from 30 to 35 feet. Its seeds contain enormous potential as feedstock for biodiesel
production [40]. R. typhina plant grows rapidly and produces abundance of
seeds. About 300-400 trees can be planted, with approximate 78,000 kg seeds

Figure 2.
Rhus typhina (staghorn sumac). (A) Plant; (B) seeds; (C) biodiesel; (D) glycerin.
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and 17,160 kg production per hectare, respectively. R. typhina oil yield has been
reported as 9% w/w on the basis of acetone/water extract 9:1 v/v [44] and 12%
[45]; wherein we obtained 22% oil contents [40].

2.3 Acacia farnesiana L.

Acacia farnesiana L. belongs to family Leguminosae (Mimosoideae) and it is
native to North America [46]. This tall semi-evergreen native shrub or small tree
is commonly referred to as sweet acacia, Huisache, etc., with soft, medium-green
feather-like, finely divided small leaves. The slightly thick stem is rich in chocolate
brown or gray, with long and pointed needles. The small, puff-like yellow flowers
are very fragrant, appear in clusters in late winter, and then occasionally spread out
after each new flush, providing nearly four seasons of flowering. An area of about
one hectare wills 91,500 kg of seeds yield, and the efficiency of oil per hectare is
approximately 21,250 kg. The fruit is an elongated pod, 3 to 6 inches long, dry, and
covered with hard skin, brown. Green color attracts birds; squirrels and other mam-
mals have no obvious littering problems and stick to the trees, which is very beauti-
ful. The long-lasting fruit has a smooth appearance and contains seeds cherished by
birds and other wildlife (Figure 3).

Figure 3.
Acacia farnesiana. (A) Plant; (B) seeds; (C) biodiesel; (D) glycerin.
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Figure 4.
Albizzia julibrissin. (A) Plant; (B) seeds; (C) biodiesel; (D) glycerin.

2.4 Albizzia julibrissin

One of the plants, Albizzia julibrissin (Mimosa) belong to Fabaceae, which

contains non-edible seeds, can be evaluated for biodiesel production (Figure 4). A.
julibrissin is a deciduous tree, wide and 12 m (40ft) high, but usually 3-6 m (10—
20ft), smooth bark, gray. A. julibrissin fruit comprises of lentil pods with enlarged
seeds. Each pod is 8-18 cm long and 1.5-2.5 cm wide and can be observed from June
to February. Each pod usually grows 5-10 elliptical seeds, about 1.25 in length. Some
authors assert that mimosa produces many seeds [47]. A. julibrissin can produce
8,000 seeds per year. The average A. julibrissin seed per pound is 11,000 to 11,500
[48, 49]. Wind, gravity, and water are major contributory factors for dispersal of
seeds and pods. A. julibrissin is native to Asia and found in Turkey, Azerbaijan,
China, Japan, Taiwan, and other temperate regions, Bhutan in Asia, India, Nepal,
Pakistan, Myanmar, Japan and other tropical areas [42, 50].

3. Oil extraction methodologies and outcomes from non-edible plant
sources

3.1 Oil extraction

After shelling, drying and pulverizing with a grinder (Xiantaopai XTP-10000A,
Zhejiang, China) the seeds were processed for extraction. The oil extraction from
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Acacia farnesiana, Albizzia julibrissin, Rhus typhina and Koelreuteria paniculata was
carried by Soxhlet (chemical; 90°C for 7 h using different solvents; Figure 5A) and
mechanical extraction of by two different electric oil expeller machines compris-
ing Fangtai Shibayoufang FL-S2017 China (less power extractor) and Fangtai
Shibayoufang J508, China (high power extractor), (Figure 5B). Pre-treatment of
seed is essential for mechanical and Soxhlet extraction, which can increase the
amount of oil recovery. After 2-3 revolutions, a considerable yield of crude seed
oil was obtained. The oil removed from the seed by mechanical presses requires
additional handling of extraction and filtration to produce a purer raw feedstock.
Further following steps were conducted to get the biodiesel from these sources
comprising filtration, rotary evaporation for access methanol, heating, trans-
esterification, settling, separation, and washing.

The oil production was calculated by the following equation.

Conversion% = Obtained seed oil weight(g)/Total seed weight(g)x100 (1)

The comparative oil content (%) of 4 plants, obtained by using mechanical
oil extraction and Soxhlet extraction methods from four plant sources is given in
Table1.

3.2 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectroscopy data of the mid-infrared region of biodiesel samples to
recognize functional groups and the bands analogous to various stretching and
bending vibrations is highlighted in Table 2.

3.3 Nuclear magnetic resonance (NMR)

The FAMEs NMR spectrum was acquired by (Bruker Avance IIT 400 NMR
Spectrometer, Karlsruhe, Germany) at 400 MHz (*H-NMR) or 100 MHz (*C-
NMR). Denatured chloroform was used as solvent and tetramethylsilane as the
internal standard. The biodiesel '"H NMR (300 MHz) spectrum was noted with a
cycle delay of 1.0 s, and eight times scans with a pulse duration of 30°, (Table 3).

A carbon C NMR (75 MHz) spectrum was recorded with pulse duration of 30°and
a cycle delay of 1.89 s, followed by scanning for 160 times (Table 4).

Figure 5.
(A) Instrument for Soxhlet extraction (chemical extraction); (B) instrument for mechanical oil extraction.
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S. No. Source Name Mechanical Soxhlet FFAs content
Extraction (%) extraction (%) (%)
1 Koelreuteria paniculata 18.7 28-30 091
2 Rhus typhina 133 22 1.0
3 Acacia farnesiana 83 23 04
4 Albizzia julibrissin 9.9 19-24 0.9
Table 1.

The oil content (%) of 4 plants, using mechanical oil extraction and Soxhlet extraction methods.

Peak ‘Wave number Group Vibration type Absorption
no. (cm™) attribution Intensity
1 3465 -OH Stretching Weak
2 3006 =C-H Stretching Strong
3 2925 -CH, Asymmetric stretching Strong
vibration
4 2854 -CH, Symmetric stretching Strong
vibration
Stretching
5 1743 -C=0 Shear type vibration Strong
6 1641 -CH, Bending vibration Middling
7 1361 -CH;3; Symmetric stretching Middling
vibration,
8 1170 C-0-C Anti-stretching vibrations Middling
9 1016 C-0-C Vibration Weak
10 723 -CH, Plane rocking vibration Weak
Table 2.

FT-IR data presenting various functional groups in FAMEs.

Integration Chemical Multiplicity Inferences
value Shift ppm
3 0.89 Multiplet CHj is attached to aliphatic group.
16 130 Multiplet Long aliphatic chain is present.
2 1.62 Quartet CH, group is attached with terminal CHs.
3 2.04 Multiplet CH, of long chain aliphatic (Saturated) group.
2 230 Triplet CH, group is attached with CH of long aliphatic
(Unsaturated/ olefinic group).
1 277 Triplet CH group is attached with electron withdrawing
carbonyl group.
3 3.66 Singlet Methoxy(OCHj3)group attached with electron
withdrawing carbonyl group.
3 5.34 Multiplet Olefinic hydrogen of long chain unsaturated
aliphatic group
Table 3.

*H NMR spectroscopic data depicting chemical composition of various methyl esters in biodiesel (FAMES)

samples.
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Peak No: Peak area/ region/ ppm Identified compound Chemical structure

1 14.07 Terminal methyl carbon -CH;

2 22.55-34.09 Methylene carbon -CH,

3 51.37 Methoxy carbon -OCH;

4 12791-130.19 Olefinic carbon c=C

5 174.24 Carboxyl carbon of ester -COOCH;
Table 4.

BC NMR spectroscopic data depicting the chemical shift values matching to various structural features in
FAMEsg.

3.4 GC-MS procedure

The outcome of biodiesel in our studies was evaluated by GCMS
(QP2010SE, Shimadzu, Japan), furnished with a capillary column: PEG-20 M
(30 m x 0.32 mm x 1 pm film thickness). Helium gas flow rate 1.2 mL/min; split
ratio 40:1; the injector temperature and injection volume were 220°C and 1 uL;
Furnace heat up mode was 100°C for 1 min, then from 100°C rises to 210°C at the
increase rate of 10°C/min. Sensor heat mode was 210°C, and then for 20 min, the
temperature was continuing at 210°C; ion source temperature of 200°C; for electron
impact 70 eV ijonization mode used; mass range of 35-500 m/z. The FAME:s of all
plant sources were identified with the mass spectrometry fragmentation design
provided by the GCMS system software, as matched with those stored in the mass
spectrometry library NIST14, and their fatty acid identity was further verified by
matching with known standards and values [39-42].

The comparative GC based identified FAMEs major compositions (%) of
prepared biodiesel from four non-edible plant sources is given in Table 5.

3.5 ICP-OES procedure for elemental analysis in biodiesel

Inductively Coupled Plasma Spectrometer (Spectro-blue, Germany) and
Elemental Analyzer (Vario EL CUBE, Germany) were used for the presence of
metals in the biodiesel. For the ICP-OES test, 1 g of oil sample was taken for incin-
erating. The ashing process involved an increase in the oven temperature to 200°C
in one hour; then the heat levels were mainatained upto 500 °C for 2 h, and finally

FAMEs major Plant species
compositions (%)

Koelreuteria paniculata ~ Rhus typhina  Acacia farnesiana  Albizzia julibrissin

C16:0 9.7 14.0 6.85 10.598
C16:1 — — — —
C18:0 1.8 3.2 2.36 212
C18:2 25.5 47.2 12.13 12.030
C18:3 36 11 1.23 —
C20:0 24 0.8 — —
C20:1 485 0.5 — —
C21:1 — — — —
Table 5.

GC based identified FAMEs major compositions (%) of prepared biodiesel.
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to 800°C for 5 h. The ash was dissolved in 10 mL of 2% HNO;. The prepared sample
was used for elements finding and concentration test of the biodiesel.

The account of ICP-OES comparative element concentrations of 4 non edible oil
plant species is given in Table 6.

3.6 Elemental analyzer (EA) procedure for elemental analysis

The element analyzer (Vario EL CUBE, Germany) was used to detect the H, N, C
and O concentrations of biodiesel obtained from plant sources [39-42]. About 0.5 mL
of biodiesel, 3 mL of concentrated HCl and 1 mL of nitric acid were taken in a tube
and kept them at rest for 10-15min, to dissolve the oil in the solution. Fresh reagents
can be used for sample preparation. The aqua regia amount was twice than the sample.
About 1 mL of prepared solution was taken in a new tube and added deionized water
making it up to 5 mL. The technique was repeated for 2-3 times until the sample
appeared as clear and vivid and ready for evaluation of C, H, N, and O concentrations.

The comparative account of elemental analysis of biodiesel obtained from 4 non
edible oil plant species is given in Table 7.

3.7 Physiochemical properties of biodiesel seed oil from four non edible oil
plant species

The comparative account of physiochemical properties of biodiesel seed oil
obtained from four non edible oil plant species is given in Table 8.

Elements Concentration (pg/g)

Petro-diesel KPOB RTOB AFOB AJOB
Sb — 5744.02 7845.2 — —
Na 868.3 5456.2 70.29 8683 8683
K 2133 6.14 2133 2133
Cr 25 1246.8 341 — —
Ni 124 658.36 46.98 124 124
Al — 346.87 55.56 — —
Sn — 378.61 838.6 — —
Mn 15 92.05 5.58 15 15
Ti — 64.40 -124.11 — —
Li 16 43.93 105.5 16 —
\4 — 42.79 1542 — —
Cu 99.6 24.63 31.82 — —
Ca 214 14.90 214 214
Mg 35.6 3210 3274 356 356
Bi — 19.90 29.05 — —
Zn 9.5 13.08 49.89 9.5 —
Co 21.2 10.69 796 212 21.2
Cd — — 1.59 — —

Abbreviations: Koelreuteria paniculata Biodiesel Oil (KPOB); Rhus typhina Biodiesel Oil (RTOB); Acacia
farnesiana Biodiesel Oil (AFOB); Albizzia julibrissin Biodiesel Oil (AJOB).

Table 6.
ICP-OES element concentrations of 4 non edible oil plant species.
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Ultimate analysis KPBD RTBD AFBD AJBD
C% 72.54 74.89 76.37 76.86
H% 12.73 413.02 13.34 11.25
N% 273 197 218 2.03
0% 12 8.11 9.86
HHV 2339 2339 2339

Abbreviations: Koelreuteria paniculata Biodiesel Oil (KPOB); Rhus typhina Biodiesel Oil (RTOB); Acacia

farnesiana Biodiesel Oil (AFOB); Albizzia julibrissin Biodiesel Oil (AJOB).

Table7.

Elemental analysis of biodiesel from 4 non edible oil plant species.

Parameters EN 14214 ASTM Petro- KPOB RTOB AFOB AJOB
D-6751 diesel

Qil contents (wt. %) — — — 28-30 20-22 23 19-24

Density @ 15°C 0.86-090  0.86-0.90 0.809 0.879 0.879 0.831 0.842

(g/cm3 )

Kinematic viscosity 3.5-5.0 1.9-6.0 1.3-41 6.21 6.3 5.32 375

@ 40°C (mm?/s)

Flashpoint (°C) Min. 120 Min. 130 60-80 147 168 158 160

Ignition value — — — 175 — —

Acid value Max. Max. 0.5 — 0.07 0.40

(mg KOH/g™) 0.50

Saponification value — — — 176.4 175.6 174.8 180.4

(mg KOH/g™)

Iodine value Max. 120 Max. 120 — 80.7 85 142.5 1185

(g L,/100 mg)

Refractive index — — — 14901 — —

@20°C

Cloud point (°C) — — -15-5 2 7 7 9

Pour point (°C) — — -2.0 -30 -11 -28 -12

Fire point (°C) — — — 198 189 190

Cetane number Min. 51 Min. 47 49.7 51 — 52 58

Free fatty acid (%) — — — 091 1.0 04 0.9

HHV (MJ/kg) — — — 2339 2373 — —

Ash content (g/100 g) — — — 0.002 03 0.002 0.003

Specific gravity @15 — — — 0.88 0.855 0.831 0.842

(°C)

Cold filter plug point Max.19 Max.19 -16 -18 14 =25 3

(°C)

Sulphated ash content Max.0.02 — — 0.003 — —

(wt.%)

Oxidation stability Min. 6 Min. 3 25.8 — 18.3 -1.86 4.71

(110°C, h)

Abbreviations: Koelreuteria paniculata Biodiesel Oil (KPOB); Rhus typhina Biodiesel Oil (RTOB); Acacia

farnesiana Biodiesel Oil (AFOB); Albizzia julibrissin Biodiesel Oil (AJOB).

Table 8.

Physiochemical properties of biodiesel (FAMEs) samples.
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4. Discussion

The great potential exists for using non-edible seed oil as biodiesel, which has
been highlighted in this chapter. The plant sources explored were Koelreuteria
paniculata, Rhus typhina, Acacia farnesiana and Albizzia julibrissin.

Biodiesel can be synthesized from vegetable oils, animal fats or algae oils [51].
The Soxhlet extraction allows the sample to repeatedly bring into contact with fresh
portions of extracting materials, hence facilitating the equilibrium. It remains at
relatively high temperature and no filtration is required [52]. In the present study,
Koelreuteria paniculata produced highest biodiesel oil content by Soxhlet extraction
(28-30%) followed by the Albizzia julibrissin (19-24%), Acacia farnesiana (23%),
Rhus typhina (20-22%) than the mechanical extraction.

The biodiesel production largely depends upon the choice of appropriate, cost-
effective and environment friendly catalysts [53] based on the nature of oil which
greatly help in transesterification of oil. Density optimization is a vital biodiesel
factor having huge impact on fuel quality as well the cost incurred [54]. The density
for all plant sources ranged from 0.83-0.87 @ 15°C (g/cm3). The kinematic viscos-
ity ranged from 3.75-6.3 (mm”/s) among all the plant sources. Our results show
that densities of all plant sources were within the ASTM (D6751) and (EN14214)
standards.

The 1H-NMR procedure is used to evaluate the un-saturation and “residual”
fatty acid composition [55]. In our study, the biodiesel 1H NMR (300 MHz)
spectrum was noted with a cycle delay of 1.0 s, and eight times scans with a pulse
duration of 30°. 13C NMR spectroscopic data represented the chemical shift values
matching to various structural features in FAMEs.

The metals such as Cu, Co, Fe, Mn and Ni are known to catalyze oxidative deg-
radation reactions in vegetable oils and biodiesel [56]. The presence of some metals,
such as Al, Ca, Cr, Cu, Fe, Mg, Pb, V and Zn, among other, in fuel is undesirable
due to their release into the atmosphere upon fuel combustion [57]. Koelreuteria
paniculata had highest Na (5456.2), Cr (1246.8), Ni (658.36), and Al (346.87)
elemental concentrations (pug/g) than other plant sources. Moreover, Al, Cr, Sn, V,
Cu, Bi, Cd were not detected in Acacia farnesiana and Albizzia julibrissin and both
showed comparable Zn, K, Ni, Mn, Ca, and Co concentrations with petro diesel.
The metal elements in biodiesel result into engine degradation, operational as well
as cause environmental pollution [58]. In our study, the elemental percent of C, H,
N, and O of biodiesel ranged from 72.54-76.86, 11.25-13.34, 1.97-2.73, and 9.86-12,
respectively.

Flash point of fuels is imperative to determine the prerequisites for transporta-
tion and storage temperature [59]. The flash point was highest in the biodiesel oil
of Rhus typhina (168°C), followed by Albizzia julibrissin (160°C), Acacia farnesiana
(158°C), Koelreuteria paniculata (147°C) which was comparable to EN 14214 (Min.
120°C), ASTM D-6751 (Min. 130°C) petro diesel (60-80°C) standards.

The main shortcomings of biodiesel are related to the low-temperature per-
formance and oxidation stability. The oxidation stability (110°C, h) was recorded
as 18.3 in Rhus typhina, 4.71 in Albizzia julibrissin, —1.86 in Acacia farnesiana and
these fall in the recommended values of EN 14214 (Min. 6), ASTM D-6751 (Min.
3) and petro diesel (25.8). This highlights that the saturated fraction of biodiesel
has a positive effect on its stability as in the case of our results, but the long-chain
saturates may compromise fuel performance at lower temperatures [60].

Metal-containing fuel additives and un-removed catalysts are the major con-
tributors of sulfated ash [61]. The sulphated ash content (%) was not detected in
Rhus typhina, Acacia farnesiana, Albizzia julibrissin and it was 0.003 in Koelreuteria
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paniculata as compared to the EN 14214 (Max.0.02) standards, hence these plant
sources can be used for biodiesel production.

5. Conclusions

The physico-chemical characterizations of the biodiesel, i.e., flash point, pour
point, cloud point, and density, have been found within the ASTM (D6751) and
(EN14214) standards. The values of fuel properties were comparable with mineral
diesel. FT-IR, NMR, and GC-MS analysis established the total conversion of crude
oil to FAMESs. The elemental analysis of biodiesel ensured the feasibility for envi-
ronment friendly usage. These sources have been optimized through optimization
of transesterification reactions: oil to methanol ratio (6:1), a potassium hydroxide
concentration (3.0%), temperature (65°C), stirring rate (700 rpm) and reaction
time (60-80 min). The highest biodiesel yield was obtained from Albizzia julibrissin
(98%) followed by Acacia farnesiana (96%), Koelreuteria paniculata (95.2%) and
Koelreuteria paniculata (93.33%). FAMEs of all sources were compatible to ASTM
(D6751) and (EN14214) standards. These non-edible plant seeds offer a cheap
source of renewable energy. These plants can be easily grown on barren and waste-
lands and contribute to efficient biodiesel production to curtail the energy crisis.
Keeping these findings in preview, we can assert that biodiesel obtained from these
non-edible seeds has a huge potential as an alternative to petroleum diesel and can
be efficient renewable source of fuel.
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Chapter 4

Plant-based Vaccines: The Future
of Preventive Healthcare?

Sinan Merig, Tamer Giimiis and Alp Ayan

Abstract

Infectious diseases threatened humankind countless times through history,
when knowledge on microorganisms was absent and medical capabilities were
limited. Pandemics and outbreaks caused death of millions, brought empires to
their knees and even wiped some ancient civilizations. In “modern” days, despite
of improved medical application, sanitary precautions and effective medicines,
infectious diseases are still cause of more than 54% of total mortality in developing
countries. Millions of people are protected from the infectious diseases annually as
aresult of mass immunization campaigns. Nevertheless, novel diseases as COVID-
19, MERS-CoV, avian influenza, Ebola, Zika and possible future infections require
dynamic vaccine research and investment. Along with all the advantages of vac-
cines, there are several limitations regarding cost, biosafety/biosecurity, storage,
distribution, degradation topics. Plant-based vaccine production for humans and
animals has been under serious consideration to overcome some of these limita-
tions. Nowadays, plant biotechnology brought new insight to vaccines research
through gene transfer strategies to plants and improvements in amount, isolation
and purification and addition of adjuvant for production of recombinant vaccine
antigens in plants. Recombinant vaccines can undeniably offer us new standards
and legal regulations to be introduced for the development, approval, authoriza-
tion, licensing, distribution and marketing of such vaccines. The aim of this chapter
is to exploit uses, methods and advantages of recombinant DNA technology and
novel plant biotechnology applications for plant-based vaccine research in respect
to existing infectious diseases.

Keywords: Plant-based vaccine, recombinant protein, virus-like particles,
transgenic plant, molecular farming, oral vaccine, chloroplast transformation,
transient expression, stable nuclear transformation, COVID-19

1. Introduction

There are many breakthrough events during ongoing human civilization pro-
cess. All of these individual events contributed the process in different significance.
Nevertheless, agricultural development and animal domestication significantly
accelerated all the other developments due to the fact that they saved people from
daily boundary of finding nutrition and allowed more spare time for socialization
and thinking.

Advantages of settled life style increased population in early cities rapidly.
Ancient cities as Rome, Athens, Fayum varied in population between a hun-
dred thousand to a million in various eras [1, 2]. Lacking the knowledge of
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microorganisms, hygiene and sanitation precautions, underdeveloped sewer
systems and living so close to domesticated animals and people resulted to the

rise of “civilization pathogens” It is hypothesized that virulent pathogens were
present but not persistent due to the limited population in human communities
before agricultural development and urbanization. Most of the animals tend to live
together in herds. Even though the herd lifestyle is very suitable for the transmission
of pathogens, there were limited contact between humans and animals since hunt-
ing was the only viable way. Developments in agriculture and animal domestication
lifted that barrier and allowed animal diseases to be transmitted to humans more
frequently in higher population densities. Major fatal human diseases as measles,
tuberculosis, smallpox, influenza, pertussis, and falciparum malaria are linked to
early domesticated animals via phylogenetic analysis [3]. Throughout the history of
human civilization there are several outbreaks of pandemic diseases which shaped
the world socially, economically and politically (Table1).

In present day, vaccines are the vital part of the preventive healthcare globally.
Many of the once deadly diseases are not present for decades, since the mass vac-
cination campaigns were applied worldwide. Based on their production method and
protection mechanisms, vaccines are categorized under several classes including

Common Name Year(s) Cause Estimated
Death (Million)
Plague of Athens 430 B.C. Salmonella enterica 01
Antonine Plague 165-180 Small pox (Variola major and Variola minor) 5
Measles (Measles morbillivirus)
Plague of 541-542 Yersinia pestis 30-50
Justanian
Black Death 1347-1352 Yersinia pestis 75-200
New World 1520 - NA Variola major and Variola minor 25-55
Smallpox
Italian Plague 1629-1631 Yersinia pestis 1
Great Plague of 1665 Yersinia pestis 0.075-0.1
London
Third Plague 1885 Yersinia pestis 12
Russian Flu 1889-1890 A/H3N8, A/H2N2, or coronavirus OC43 1
(uncertain)
Yellow Fewer Late 1800s RNA virus from Flavivirus genus 0.15
Spanish Flu 1918-1920 Influenza strains of A/HIN1 50
Asian Flu 1957-1958 Influenza A virus subtype H2N2 1
Hong Kong Flu 1968-1970 H3N2 strain of the influenza A virus 1
HIV-AIDS 1981-ongoing Lentivirus 35 and counting
SARS 2002-2003 Coronavirus (SARS-CoV-1) <0.001
Swine Flu 2009 H1N1 influenza virus 0.2
MERS 2015 Coronavirus (MERS-CoV) <0.001
Ebola 2014-2016 Ebolaviruses 0.011
Covid-19 2019-ongoing Coronavirus (SARS-CoV-2) 2.52and
counting
Table 1.

Major outbreak throughout the history of human civilizations [4].
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live attenuated, inactive (killed whole organism), toxoid, subunit (purified native
or recombinant protein, polysaccharide or peptide), virus-like particle, outer
membrane particle, protein-polysaccharide conjugate, viral vectored, nucleic acid,
bacterial vectored, antigen-presenting cell vaccines [5, 6]. Despite the various new
approaches to the vaccine production, most of the vaccines which are applied in
immunization programs are either live attenuated, inactive or subunit vaccines.
WHO (World Health Organization) vaccine-preventable diseases: monitoring sys-
tem [7] offers important and comparable data on this topic based on all countries.
Even so, there are public concerns over the topics as age and schedule of vaccina-
tion, common (injection site pain, redness and swelling, fever, malaise, headache)
and rare side effects (anaphylaxis, idiopathic thrombocytopenic purpura, nar-
colepsy, autism), immunodeficiency or antigenic overload issues. As in all daily
life matters, misinformation on these topics and issues in social media and search
engines greatly challenges vaccine production methods and public acceptance,
although the scientific evidences prove the contrary.

As illustrated in Figure 1, one of the greatest challenges in vaccine research is
based on logistics and distribution. Along with post-production purification and
packaging issues, logistics of traditional vaccines under cold chain conditions in
limiting shelf-life durations exhibit certain difficulties [6]. Especially in underde-
veloped countries, lack of health infrastructure and required conditions threaten
overall process. Moreover, world once again faced the same dilemma in Covid-19
pandemic as 16 of total 256 vaccine candidates passed to phase III trials by February,
2021 [8]. These manufacturers announced their plans to produce 10 billion doses (at
least 2 doses are required for immunity in most) until the end of 2021 in their best
estimations. Apparent insufficient annual production capacity leads priority groups
to be formed for the early products. As in this latest ongoing example, inequity in
access to vaccines is always a major issue [9].

Leading Covid-19 vaccine candidates are mainly developed by private/industry
association by 72%. Remaining 28% is consisted of academic, public and non-profit
organizations. Also, there are bigger multinational vast vaccine manufacturer
companies as Janssen, Sanofi, Pfizer and GlaxoSmithKline which may ensure
tolerating lack of large scale vaccine manufacturing inexperience and capacities
of these relatively smaller organizations [10]. Even though, commercial viability
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Figure 1.
Main global challenges in vaccine research.
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apparently is not an issue for potential Covid-19 vaccine, it is a real drawback for
many diseases. These diseases are mostly have devastating effects on restricted
local areas as poor communities. In case of such rare infection diseases, develop-
ment costs offset potential income. Vaccines against this kind of diseases as Ebola,
which multinational manufacturers hesitate to invest due to commercial viability,
are called ‘orphan vaccines’ [11]. More profitable vaccine production methods may
withdraw hesitation over these diseases which are only producible with government
assistance and still have high mortality rates regionally.

Another and probably the most challenging factor in vaccine research is based
on immunological issues. Commercially viable vaccine targets for diseases like HIV,
gonorrhea (Neisseria gonorrhoeae), syphilis (Treponema pallidum), malaria or sea-
sonal influenza are generally caused by highly variable pathogens. These pathogens
present variation both in and between host variations which emerge difficulty to
identify common antigen target for immunization by vaccine. Some people produce
natural antibodies against more conserved antigens of pathogens and have enhanced
immunity but targeting these conserved antigens by vaccine induction has not been
achieved for many of these diseases yet. Protection efficacy is a major issue due to the
immunological variations even in post-production of the vaccines [6]. Even so, global
reports over novel mutations of the virus will require re-evaluation of efficacy values
and raise suspicion in public for existing vaccines. In some case as RTSS vaccine which
is licensed for malaria disease, efficacy is lower as 30-40%. Therefore, considering
all immunological factors together suggests long development time of traditional
vaccines fail to satisfy rapid, flexible and upscale production requirements [6].

Following the rapid development of biotechnology and bioinformatics, precise
genomic and proteomic target identification methods and instruments are emerged.
Therefore, knowledge on structural biology and immunology is mostly available for
many infectious diseases. Deciding vaccine production methods is based on deliv-
ery, immunogenicity, production capacity and speed, transport requirements and
shelf life and economic viability. Along with the methods as viral vectored vaccines,
nucleic acid-based vaccines, RNA vaccines, outer membrane vesicles, plant based
vaccines present promising contribution to the field. Experimental and commercial
applications of plant based vaccines will be evaluated further in this chapter in
perspective of future preventive healthcare alternative.

2. Plant-based vaccine production

Especially in the last two decades, the expression studies of vaccine antigens in
plants have been accelerated with the developments in the production of recom-
binant proteins in plants and it has been provided possibility to design effective
plant-based vaccines against many diseases. In this process, both developments in
transgenic approaches and transformation methods and improvements in various
areas such as promoter selection, codon optimization, plastid transformation for
increasing yield of recombinant protein have paved the way for the production of
vaccine antigens. The significant increase in the world population and the emer-
gence of epidemic and pandemic diseases cause demands that exceed the vaccine
production capacity. However, the success of national vaccine programs is marred
by both high cost-per-dose of producing vaccines and the limitations in the distri-
bution of vaccine. In addition, there is a risk of exposure to dangerous pathogens
caused by injection procedures during vaccination, resulting in diseases like HIV,
hepatite C that can be transmitted through blood. Moreover, risk of contamination
of other viruses such as SV40 and foamy virus, which can cause disease in humans
and animals, is another important factor that should be evaluated in terms of
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health, although it depends on the nature of the vaccine (attenuated or inactivated),
the titer of the contaminant, the degree of inactivation and pathogenicity [12].
When all these disadvantages are examined, it is seen that the use of plant systems
for vaccine production has the potential to provide a biotechnological solution,
considering that it can provide high-scale production and reduce the cost-per-dose
and minimize the problems that may occur during vaccine production and distribu-
tion. While plants produce complex proteins similar to other eukaryotic systems,
they can fold and modify these proteins post-translationally. However, they contain
minor differences in glucosylation patterns compared to mammalian cells [13].

In general, the technical points taken into consideration for the plant transfor-
mation and the production of recombinant protein in plants should also be taken
into account in planning for the production of recombinant vaccine antigens in
plant systems. Two different systems are used in the production of recombinant
proteins in plants known as stable genetic transformation and transient gene
expression. Stable nuclear transformation results in stable expression in plant tis-
sues by ensuring the insertion of recombinant DNA into the nuclear genome of the
plant cell [13]. In addition, transgenes can stably integrate into the plastid genome
other than the nuclear genome. The transfer of recombinant DNA is carried out by
using direct and indirect methods and this preference varies according to the target
plant species, target genome (nuclear or plastid), gene construct to be introduced.
Natural plant pathogens, Agrobacterium tumefaciens and Agrobacterium rhizogenes
are used for indirect gene transfer and are generally preferred for nuclear trans-
formation. Biolistic or microparticle bombardment, which is the most preferred
among direct methods, are mostly used in the transformation of the plastid genome
and plant species where transformation mediated by Agrobacterium species is not
applicable. By using plant tissue culture methods with all these transformation
methods, a whole transgenic plant can be obtained or plant tissue cultures (callus,
hairy root) can be established for recombinant protein production from various
plant tissues. In addition, by using plant tissues for recombinant protein produc-
tion, plant cell cultures also become prominent as an alternative system. Generally,
transgenic plants allow large-scale production of recombinant proteins with high
expression of introduced gene. This system can also enable the production of
multiple recombinant proteins in a single plant by crossing different transgenic
plants. On the other hand, development of transgenic plants by stable transforma-
tion is relatively more time consuming and also needs improvement due to the
low protein expression compared to other plant systems. Another disadvantage is
that the transgene may show different profiles in its expression due to positional
effect as a result of random entry into the nuclear genome. Moreover, in case of
multiple insertions, unstable gene expression and gene silencing may occur. On the
other hand, transient expression has many advantages for the expression of genes
encoding recombinant proteins in plant tissues. Two processes are particularly
prominent for transient transformation in plants named as transient expression of
the transgene by Agrobacterium infiltration and viral vector-based transient expres-
sion. These two processes are based on the expression of transgenes transported by
bacteria or virus vectors, and stable integration of the transgene into the genome is
not required. The most important advantage of these systems is rapid recombinant
protein production. Expression of extra chromosomal transgenes can be detected
in 3-4 hours after DNA transfer, while it can reach the maximum expression level
in 18-48 hours [14]. Gene expression can be maintained for 10-14 days, afterwards.
Transient based expression is generally at a higher level than stable transformation.
Plant viral vectors used for viral vector-based transient expression, can be preferred
to increase the number of gene copies that can result in a much higher protein yield
compared to stable transformation. Various RNA viruses such as tobacco mosaic
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virus (TMV), cauliflower mosaic virus (CMV), alfalfa mosaic virus (AVM) are used
to construct plant viral expression vectors.

2.1 Nuclear transformation

It is ensured that vaccine antigens can be produced in large amounts in the tis-
sues of transgenic plants that are transformed by nuclear transformation, and oral
administration of the vaccine becomes possible thanks to the expression in edible plant
organs in such as lettuce (Lactuca sativa). The gene integrated into nuclear genome
can be maintained with transgenic seeds and replanted when needed. Moreover, by
crossing different transgenic plants, different transgenes can be included in a single
plant, allowing development of different characteristics of the plant in a short time.
Transgenic plant lines, depending on the plant species, can be developed in a shorter
time by nuclear transformation than chloroplast transformation. Recombinant vaccine
antigens produced by nuclear transformation can be targeted to a variety of organelles
such as chloroplasts, vacuoles and endoplasmic reticulum owing to signal peptides,
and various post-translational modifications can be achieved particularly in the endo-
plasmic reticulum. On the other hand, the disadvantage of nuclear transformation is
that it displays relatively low levels of expression compared to chloroplast transforma-
tion and transient expression, as well as position effect and gene silencing [15].

For many years, the nuclear genome has been the main target of plant gene
transfer studies, which has enabled the production of recombinant vaccine antigens
by nuclear transformation in plants to come to the fore and to be performed rela-
tively easily. Thanks to nuclear transformation in plants, the production of vaccines
against many disease factors from enteric bacteria to viruses that threaten human
and animal health has been achieved (Table 2).

Every day, 200 million people in the world experience health problems due to
gastroenteritis. In developing countries, more than 2 million people die annually
from such enteric diseases [23]. It has been reported that a multiepitopic protein
from the antigens of enterotoxigenic E. coli, S. typhimurium and V. parahaemolyticus
bacteria for use against these diseases is expressed in fresh leaf tissue as much
as 5.29 pg g™ in tobacco (Nicotiana tabacum) plants by A. tumefaciens-mediated
transformation. Plant-made LTBentero antigen was found to be immunogenic
when administered orally or subcutaneously to BALB/c mice, this antigen was
also able to induce specific IgG (systemic) and IgA (mucosal) responses against
LTB, ST, and LptD epitopes [23]. Moreover, by regulating the quality processes of
transgenic plant-based vaccines, it has been ensured that the quality differences in
the production steps are minimized. Especially for this purpose, closed hydroponic
plant growing systems were established and oral cholera vaccine (MucoRice-CTB)
was produced in accordance with legal regulations within the scope of “Good
Manufacturing Practices” without the need for purification [24]. Thus, a plant-
based vaccine production system, which can be harvested three times a year and
is effective in terms of cost and production, has been implemented. Moreover,
Needle- and cold chain free rice-based oral vaccine MucoRice-CTB has been
reported to show immunogenicity in humans due to microbiota [25].

In recent years, except advanced monocot and dicot transgenic plants, vari-
ous moss groups in the plant kingdom have started to be preferred for vaccine
production. Env-based HIV (Human Immunodeficiency Virus) multi-epitope
protein (poly-HIV) produced in transgenic moss lines has been reported to elicit an
immune response in mice as a candidate for subunit vaccine. Moss can be propa-
gated under iz vitro conditions in accordance with “Good Manufacturing Practices”
standards and algae biomass does not have an apparent toxic effect. Therefore, this
production system allows immunization with raw moss material. Moreover, mosses
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like Physcomitrella patens is able to perform post-translational modifications like
N-glucosylation identical to higher plants [17].

Considerable efforts have been made to develop methods that can simplify
the purification procedure as the downstream processing of recombinant vaccine
antigens will significantly increase production costs. ELPylation as one of these
methods, generally increases the accumulation of transgenic proteins in plants as
reported in various examples [18]. In addition, ELPylated proteins can be rapidly
purified by membrane-based inverse transition cycling (mITC) procedure. Using
ELPylation, in which an elastin-like polypeptide (ELP) consisting of a series of pen-
tapeptides is fused to the end of the target protein, an increase in antigen accumula-
tion is observed in both transiently and stably transformed plants [26]. It has also
been reported that the immune response increases significantly with the proper
folding and trimerization of the antigen. In the study, in which the hemagglutinin
of the avian influenza virus (AIV HA) was produced as a monomer and ELPylated
trimer form in the tobacco plant (transient in Nicotiana benthamiana and stable in
Nicotiana tabacum), it was observed that the trimeric AIV HA form increased the
specific immune response to HA compared to the monomeric form [26].

Virus-like particles that do not contain viral nucleic acids and are formed by viral
capsid proteins become prominent as much more reliable candidates when compared
with attenuated viral vaccines. Studies in which capsid proteins are expressed in
plants by nuclear transformation have been shown to induce specific antibodies com-
parable to attenuated vaccines when administered orally with an adjuvant [27]. VP2,
VP6 and VP7 capsid proteins of group A rotavirus, one of the most common cause
of human pathogen, acute infantile and pediatric gastroenteritis worldwide, have
been expressed in transgenic tobacco plants. It has been reported to be significantly
higher IgG antibodies in the serum of mice of the group VP 2/6/7 (immunized with
transgenic tobacco plants) than group VP 2/6 (immunized with transgenic tobacco
plants) and the group RV (immunized with orally attenuated RV vaccine) group IgG
antibodies are significant. In addition, it was reported that the serum IgG titer in the
VP 2/6 group was almost as high as that found in the RV group [27].

Using the nuclear transformation system, plant-based vaccines can be developed
on the basis of low-cost multiepitopic recombinant proteins to contain epitope vari-
ants that can induce broad-spectrum antibodies. In addition, sequences contain-
ing adjuvant activity can be added to these multiepitopic proteins. Multiepitopic
vaccines produced in plants trigger local and systemic immune responses more
than their counterparts produced in bacteria. In orally inoculated BALBc mice,
lettuce-derived HIV C4 (V3) 6 multiepitopic protein showed a higher immunogenic
potential than E. coli-derived HIV C4 (V3) 6 multiepitopic protein [28].

Plant systems are also used in the production of vaccines against various para-
sitic diseases other than bacteria and viruses. Taenia solium cysticercosis is one of
the important parasitic diseases affecting human health especially in developing
countries. Production of a low-cost and multi-epitope vaccine against this disease
was achieved in the tobacco (Nicotiana tabacum) plants by Agrobacterium-mediated
transformation. The developed transgenic lines were self-pollinated and T1 genera-
tion transgenic plants were obtained from the harvested seeds. In these plants,
several vaccine-related antigens were expressed in a polyprotein system based
on the ribosomal skip mechanism via the 2A sequence derived from the foot-and
mouth virus, which induces self-cleavage events at the translational level [29].

2.2 Chloroplast transformation

This section emphasized on recent advances in creation and development of
transplastomic plants to produce plant-derived vaccines and protection against
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infectious diseases. Plastid transformation has come to be advantageous for the pro-
duction of vaccines due to the high copy number in a single transformation allowing
high levels of transgene expression and the absence of effects leading to gene silenc-
ing and the lack of concerns about positional and pleiotropic effects. In addition, as
aresult of maternal inheritance, the containment of foreign genes in the chloroplast
genome and the absence of transgenes in the pollen are other advantages. Moreover,
chloroplast transformation ensures expression of multiple genes in prokaryotic-
like operon systems. However, this system is limited by the insufficient number

of the target plant variety and the trials of very few plant varieties according to
nuclear transformation. Another disadvantage is the lack of glucosylation ability of
chloroplasts. Therefore, difficulty of expression of eukaryotic human or viral genes
in prokaryotic chloroplasts is most important barrier to the use of transplastomic
plants. Some major costs associated with the production of recombinant proteins

in fermentation-based systems can be reduced by using chloroplasts as bioreactors.
Chloroplast-derived therapeutics, especially when administered orally, eliminate
expensive purification steps, cold storage, transportation and sterile injection
requirements [30].

Advances in transgenic approaches and the development of gene gun and biolistic
(particle bombardment method) technologies have enabled the transgene to be trans-
ferred directly to living cells. With these systems where tungsten and gold particles
are used as microcarriers, the transformation of plastids can be carried out effectively.
As an alternative to this system, plastids are transformed via polyethylene glycol
(PEG) [31, 32]. PEG-mediated transformation allows the simultaneous transforma-
tion of many samples as a simple and efficient method and enables a large number of
transformed cells with a high survival rate. However, it has a lower success rate than
biolistic-mediated transformation. Despite its high transformation efficiency, biolistic
is not available in many laboratories and standardization of its protocol is very dif-
ficult. It has been shown repeatedly that recombinant proteins capable of eliciting
protective mammalian immune responses can also be produced in chloroplasts of
plants. Thanks to chloroplast transformation, vaccines can be produced against viral
diseases such as polio (poliovirus), human immunodeficiency (HIV), human papil-
loma virus (HPV), as well as numerous contagious and fatal bacterial infections and
diseases such as cholera, tuberculosis, plague and anthrax (Table 3).

Virus-like particles formed by viral capsid proteins that do not contain viral
nucleic acids are frequently preferred within vaccine production in plants due
to their ability to elicit protective immune responses. In this context, Lenzi et al.
[56] reported that the self-assembled L1 capsid protein of human papilloma virus
(HPV), that is the causative agent of cervical cancer which is one of the most com-
mon causes of death for women, can be produced in chloroplasts of the Nicotiana
tabacum plant. Thus, in tobacco chloroplasts, the HPV-16 L1 vaccine could be
produced by expression of the L1 protein from a natural viral (L1’ gene) or a syn-
thetic sequence (L1 gene) optimized for expression, under the control of plastid
expression signals. In addition, accumulation of L1 antigen was obtained only when
the first 14 amino acids of the N-terminal domain of the ATPase beta subunit or the
Rubisco large subunit were translationally fused to the N-terminal of the L1 protein.

The level of transgene expression in chloroplasts varies depending on the origin
of the coding sequence. Although the amount of transcript depends on the high
copy number of the transgenes, it is also closely related to the efficiency of the
promoter chosen and the regulatory sequences that affect translation. Most of the
transgenes expressed in chloroplasts utilize the psbA promoter. It has also been
reported that the 5’UTR sequence of psbA shows higher translation activity com-
pared to many 5’UTR sequences. For this reason, studies connected with improving
codon optimization benefited from psbA sequences, and it has been reported that
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codon optimization significantly increases translation in chloroplasts [57]. It has
been indicated that the expression of the gene of the vaccine subunit is increased 50
times in chloroplasts by codon optimization [33].

In recent years, the production of vaccine antigens in the chloroplasts of edible
plants like lettuce and ensuring oral vaccination have come to the fore as an impor-
tant development in order to eliminate the economically demanding and extremely
expensive steps such as fermentation, purification, cold storage, cold chain and
transportation. Lyophilized plant cells stored at ambient temperature retain their
efficacy and antigen folding/assembly, thus eliminating the need for cold chain [33].
Thus, chloroplast bioreactors have become an important alternative to the production
of fermentation-based vaccine antigens. Arlen et al. [47] have achieved the production
of high levels of F1-V antigen, as much as 14.8% of the total soluble protein. In a study
conducted by aerosol challenge with Y. pestis, 33% of subcutaneously F1-V (with adju-
vant) immunized mice survived, while 88% of orally F1-V immunized mice survived.
These data presented that oral doses of vaccine antigens produced in chloroplasts may
be effective in eliciting protective immune responses in vivo. In yet another study, an
increase in IgG1 and IgA titers was reported with oral boosting of low-cost, cold chain-
free, chloroplast made viral protein 1 (VP1) subunit vaccine [28]. By producing mul-
tiple vaccine antigens in chloroplasts, immunity can be improved against more than
one infectious disease at the same time. Cholera toxin-B subunit (CTB) fused malarial
vaccine antigens apical membrane antigen-1 (AMA1) and merozoite surface protein-1
(MSP1), expressed in lettuce and tobacco chloroplasts inhibited the proliferation of
malaria in red blood cells by inducing antigen-specific antibodies in mice [40].

Besides terrestrial plant systems, photosynthetic unicellular alga Chlamydomonas
reinhardtii’s chloroplasts are used for vaccine production against various pathogens.
Algae vaccines can remain stable at room temperature for more than 1.5 years and
show faster and more controllable growth characteristics than other members of the
plant kingdom. D2 fibronectin-binding domain of CTB fused Staphylococcus aureus
was stably expressed in C. reinhardtii algae and as a result of algae-based inoculation
of mice, the amount of pathogen decreased and 80% of mice were protected against
the lethal dose of S. aureus [41]. It was reported in another study that the fusion
protein was developed against tuberculosis caused by Mycobacterium tuberculosis,
one of the leading fatal diseases, can be stored in lyophilized leaf for up to 6 months
at room temperature and preserves its stability and proper folding/assembly [36].

Production of vaccine antigens (HIV gag transgene; Pr558°¢) by biolistic-medi-
ated chloroplast transformation resulted in significantly greater protein accumula-
tion than Agrobacterium-mediated nuclear transformation which vaccine antigens
postranslationally targeted into plastids [43]. In transient expression experiments,
various cellular organelles (cytosol, apoplast, endoplasmic reticulum, chloroplast
and mitochondrion) were targeted. It was reported that specific Pr555* sequences
were expressed only in chloroplasts. The synthetic gene encoding the HIV C4V3
recombinant protein known to induce both systemic and mucosal immune
responses in mammalian systems was expressed in chloroplasts of Nicotiana
tabacum plants. It has been reported that the obtained plant-derived C4V3 elicits
systemic and mucosal antibody responses in BALB /c mice by oral immunization
[37]. Multepitopic protein (Multi-HIV) derived from HIV gp120 and gp41 envelope
proteins expressed in tobacco chloroplasts also induced immune responses and
T-helper specific responses by oral immunization in BALB/c mice [34].

2.3 Plant virus based expression system

Plant viruses are generally described as safe for humans and animals. Therefore,
they are preferred for the production of therapeutic molecules. TMV (tobacco
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mosaic virus), PVX (potato virus X), BaMV (bamboo mosaic virus), CPMV
(cowpea mosaic virus) are highly stable to high temperature, pressure and pH
conditions and can be purified from host plants in amounts exceeding hundreds of
mg/kg plant biomass [58]. Virus-like particles (VLPs) are multi-subunit molecules
consist of self-assembly protein structures that are the same or highly similar to the
general structure of authentic virus. Due to the fact that VLPs do not contain viral
nucleic acids, therefore conversion to infectious viruses is not possible which is an
important risk factor for attenuated vaccines. In recent years, the use of both VLPs
and plant viruses for vaccine production has increased rapidly (Table 4). There are
various recombinant vaccine production strategies that stand out in which different
vaccine antigens can be produced by using plant viral structures. Launch vector-
based on virus for plant transient expression system, plant virus-based vector
systems by the incorporation of 2A peptide, plant virus conjugated with purified
antigen from bacterial expression system are some of the systems by which recom-
binant vaccine antigens can be produced.

Multiple doses of multivalent vaccine can be administered in the immuniza-
tion of mice without any adverse effects. In addition, multivalent subunit vaccines
can be developed against various diseases using an efficient TMV-based delivery
platform. A multivalent subunit vaccine consisting of the combination of OmpA,
DnaK chaperone and Tul4 protective antigens of the Francisella tularensis patho-
gen bacterium has been reported to be safe. F. tularensis proteins were chemically
conjugated to the TMV surface and the developed subunit vaccine strongly induced
humoral immune response [60]. Chen et al. [59] produced a candidate vaccine
(BJ2A CVP) in Chenopodium quinoa and N. benthamiana against Japanese encepha-
litis virus (JEV) using a bamboo mosaic virus-based chimeric virus particle (CVP)
strategy. Chenopodium quinoa plant is preferred to reduce the side effects of nicotine
and other alkaloids found in tobacco species in the purification of BJ2A CVP.

The genomes of both RNA and DNA viruses can be modified for recombinant
protein production. Geminiviral replicon systems are one of the plant-viral based
expression systems used to increase the expression of vaccine antigens in plants.

In geminiviral derived vectors with a single stranded DNA genome, the viral genes
encoding the coat and movement proteins are deleted and the expression cassette
for protein of interest is inserted. In these strategies, it has been reported that the
viral vector has transient expression only 4 days after it was transferred to Nicotiana
benthamiana plant leaves by Agrobacterium infiltration and maintained this expres-
sion level up to 7 days [70]. On the other hand, by using plants with low secondary
metabolite content such as lettuce in geminiviral replicon systems based on bean
yellow dwarf virus, virus-like particles could be produced at high expression levels.
Thus, vaccine candidates such as Norwalk virus capsid protein-VLP (NVCP-VLP)
can be purified from lettuce plants without losing their functional activity. Plant
virus-based expression methods along with Agrobacterium-mediated agroinfiltra-
tion are often preferred for increasing low expressions of vaccine antigens in plants
and improving the feasibility of plant-based vaccines. The expression of recombi-
nant proteins were carried out in Nicotiana benthamiana plant by using the Launch
vector-based plant transient expression system with agroinfiltration, and it was
reported that vaccine candidates caused up to 100% protection against diseases that
could be used for bioterrorism such as anthrax after purification [63]. In another
study, it has been reported that Consensus domain III of dengue virus E glycopro-
tein (cEDIII) shows high expression with plant virus-based expression (5.2 mg/g
dry weight of leaf tissues) against Dengue virus [61]. Launch vector technologies,
which are used in the production of VLP-based recombinant vaccines especially
against infectious diseases, are also used in the production of protective vaccines
such as malaria transmission blocking vaccines (TBVs). TBVs prevent successful
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sporogonic development of the sexual stage Plasmodium falciparum parasites
ingested by female Anopheles mosquitoes [64]. Thus, the spread of parasites in
endemic populations by transmission from human to mosquito is prevented [41].
Another plant virus-based expression approach is the fusion of the vaccine antigen
to the virus-like carrier particle, either genetically or by chemical cross-linking [67].
It has been reported that the potato X virus-based recombinant viral vector pro-
vides a high level of expression of the hybrid protein consisting of influenza virus
M2 protein (M2e) fused to hepatitis B core antigen (HBc) in Nicotiana benthamiana
plants. This vector was transferred to plant leaves by agroinfiltration and the hybrid
protein was synthesized to 1-2% of the total soluble protein.

2.4 Transient expression

In addition to stable transgene expression (nuclear or plastid transformation),
transient expression is often preferred for the expression of genes encoding vaccine
proteins in plant tissues. Since transient expression does not contain chromosomal
integration, it is not affected by position effect. In addition, the expression of
extrachromosomal transgenes can be detected 3 hours after transfer and can last for
about 10 days [14]. The major advantage of transient expression is production of
vaccine antigen rapidly at low cost and high yield. In addition, the easy applicability
of the system and its ability to allow the production of complex proteins composed
of subunits encourages its use against the novel viral diseases that emerge suddenly.
Plant-based vaccines developed by transient expression are given in Table 5.

Margolin [73] achieved Agrobacterium-mediated transient expression of soluble
HIV Env gb140 antigens in Nicotiana benthamiana plant. It has been reported that
rabbits immunized intramuscularly with lectin affinity purified antigens developed
binding antibodies and neutralizing antibodies at high titers. The production of
nucleo capsid (N) and membrane protein (M), two important antigens of SARS-
CoV, was achieved in Nicotiana benthamiana plant with transient expression
created by using both virus-based vector and agroinfiltration. In addition, tobacco
leaves infiltrated with Agrobacterium tumafaciens C58 and GV3101 strains harbor-
ing the pBI-Mvector containing the M protein, SARS-CoV M protein production
was successfully achieved without using any post-transcriptional gene silencing
suppressors [78].

It is imperative to produce vaccines at rates which offset mutation frequency
of viral infections such as influenza, for which a new and unique epidemic strain
appears within a few years. In recent years, recombinant vaccines become promi-
nent as one of the most important options to solve this problem. New recombinant
strategies provided by plant biotechnology and the production of plant-based
vaccines are becoming widespread in the struggle with pandemic and epidemic
diseases such as Influenza A H1N1, Influenza H5N1, plague, Ebola, Zika, SARS-
CoV and SARS-Cov-2 [78-81]. Plant-based vaccines developed for pandemic and
epidemic diseases are given in Table 6.

Especially the commercial scale production of these vaccines and their exami-
nation at Phase I, Phase IT and Phase III levels beyond the functional evaluations
in animal models indicates that in the future, plant-derived vaccines will be an
important part of the struggle against pandemic and epidemic diseases. Plant-
based vaccines produced in commercial scale and candidate vaccines are given in
Table 7 by companies. For instance, COVID-19 (severe acute respiratory syndrome
coronavirus 2/SARS-CoV-2), which has become a major threat to global health, has
also significantly impacted the world economy and social mobility. So far, with its
high contagiousness, rapid spreading nature and high mortality rate, more than 2.5
million people have died from COVID-19, and more than 116 million people have
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iBio, Inc 1]
IBIO-201 IBIO-400

Prophylaxis of SARS-CoV-2 Prophylaxis of Classical swine fever (CSF)

spike protein fused CSFV E2 glycoprotein / Nicotiana benthamiana

lichenase protein /
Nicotiana benthamiana

Medicago Inc. [92]
MT-7529 MT-2355 MT-2271
Prophylaxis of H7N9 Prophylaxis of pertussis, Prophylaxis of seasonal
influenza / Phase 2 / diphtheria, tetanus, poliomyelitis influenza / Nicotiana
Nicotiana benthamiana and prophylaxis of Hib infection benthamiana
ininfants /

Phase 3 / Nicotiana benthamiana

MT-5625 MT-2766 MT-8972
Prophylaxis of rotavirus Prophylaxis of SARS-CoV-2/ Prophylaxis of H5N1
gastroenteritis / Phase 1/ Phase 2 / Nicotiana benthamiana influenza / Phase2 /
Nicotiana benthamiana Nicotiana benthamiana
Icon Genetics [93,
. . 94]
ZMapp Norovirus Vaccine
Prophylaxis of Ebola virus / Prophylaxis of Norovirus / Phase I / Nicotiana benthamiana
Nicotiana benthamiana
SoyMeds, Inc. [95]
soy-mSEB
Prophylaxis of Staphylococcal Enterotoxin B / Glycine max
Fraunhofer CMB [96]
Prophylaxis of HIN1 Prophylaxis of HIN1 influenza Prophylaxis of Malaria
influenza
Table 7.

Plant-based vaccines producing companies and commercial products.

been infected with COVID-19 worldwide [97]. In order to control the pandemic,
the whole world work hard to develop new strategies to be applied in the field of
health, to deliver vital medical supplies to those in need, to develop and apply safe
and effective vaccines. Especially, the development of vaccines and drugs for this
new pathogenic Coronavirus, which emerged suddenly and mutated at certain
times, became an inevitable target. Until now, the number of vaccines in preclini-
cal development are 182 and the number of vaccines in clinical development is 74,
worldwide [8]. Plant-based vaccines have also proven that they can play an active
role in fighting against COVID-19 with their promising results in preclinical and
clinical stages. Along with the initiative of commercial companies using plant bio-
technology, transient expression of the SARS-CoV-2 antigen in plants was achieved,
and a plant-based COVID-19 vaccine candidate was produced with a high-scale
production technology [81]. The COVID-19 vaccine developed by Medicago com-
pany using a plant-based platform started Phase II clinical trials. In this approach,
virus-like particles (SARS-CoV-2 spike protein self-assambles into VLPs) could

be produced by transient expression in Nicotiana benthamiana plants within just
20 days after the acquisition of SARS-CoV-2 [81]. For Phase I, vaccine administra-
tion in healthy adults was performed as two intramuscular doses and at 3 different
dose levels (S protein content 3.75, 7.5 or 15 pg), either alone or with adjuvant (AS03
or CpG1018). After the second dose administration, the adjuvanted CoVLP was
able to induce humoral and cellular responses for all dose levels. Another company,
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BAT’s US Bio-tech arm, Kentucky BioProcessing (KBP), announced that the
COVID-19 vaccine candidate will be evaluated in the Phase I trial after the Food and
Drug Administration (FDA) accepts the Investigational New Drug application. This
candidate vaccine was developed using plant-based technology and it was stated
that the active ingredient of the vaccine could be rapidly produced in a short period
of 6 weeks according to conventional methods. In still another initiative, iBio, Inc.
company announced that it was working on the subunit IBIO-201 candidate vaccine
against SARS-CoV 2 immediately after the pandemic was declared. The candidate
vaccine was produced by Agrobacterium-mediated infiltration in leaves of Nicotiana
benthamiana plants and the target protein was purified and formulated for the

final product. The candidate vaccine has been reported to induce the production of
anti-spike neutralizing antibodies in immunized mice. Due to the new mutations of
SARS-CoV-2, it has become important to produce subunits or virus-like particles as
vaccine candidates at low cost-per-dose and higher production scale.

2.5 Evaluation of plant-based vaccines side effect

Vital part of vaccine research is the risk assessment through randomized,
double-blind placebo-controlled multicentre trials. Vaccine side effects can be
evaluated under two categories as common side effects (high fever, vomiting,
dizziness, anxiety and nausea) and rare side effects (risk of hospitalization, death
or long-term morbidity). Same evaluation processes is required for plant-based
vaccines as all traditional and recombinant vaccines. In literature, there are various
studies in emphasis to safety and side effects of plant-based vaccines.

Plant-based vaccines can be evaluated in two different ways: cases in which
the plant content is directly applied in pure form and the cases where the vaccine
content is isolated and mixed with adjuvant. Phase studies were initiated for many
candidate vaccines, where antigen or VLP was produced and then mixed with adju-
vant before injection. In reported Phase I vaccine case against influenza A presented
common side effects on volunteers as high fever, vomiting, dizziness, anxiety and
nausea [96]. Similarly, in another case local effects occurred in the vaccination area
and 93% of side effects were mild effects [98]. McCormick et al., stated in their
studies that volunteers showed symptoms that were described as severe at a very
low rate, but recovered within 1-2 days without the need for medical intervention,
and the vaccine candidate was quite safe [99]. Moreover, Pillet et al. tested the vac-
cines with 300 healthy adults and 450 volunteers over the age of 50 in their phase III
study on two different age groups. As a result, a higher rate of fatigue was observed
in volunteers over 50 years old [100]. Ward et al. reported that the most common
side effect was pain at the injection site in their studies on 22,854 volunteers and
mortality rate was slightly higher for inactivated.

vaccine comparing to virus like particles [101]. Chichester et al., (2018) reported
that 94% of the volunteers developed at least one of the side effects of high fever,
vomiting, dizziness, anxiety and nausea [102]. In all of these studies with both oral
and injectable vaccines, the observed effects were evaluated as mild to moderate. In
this way, plant-based production has been defined as an effective and safe vaccine
production tool [103]. Production of the adjuvants to be used to stimulate mucosal
and peripheral immunity in the plant or the selection of plant which produce
appropriate secondary metabolites that can act as mucosal adjuvants contributes
to the decrease in the incidence of side effects. The number of studies in which
plant-based vaccine candidates have passed to phase studies were much less than
classical vaccine studies. When these studies are evaluated, there is no significantly
increased side effect risk report concerning plant-based vaccines against any other
vaccines production options [104].
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2.6 Legal regulations involving plant-made pharmaceuticals

Regulatory processes of the vaccine development, approval, authorization,
licensing, distribution, and marketing are as challenging as the production. There
are both national and centralized regulatory agencies. These agencies emphasize
on scientific evaluation of data, quality of the product, safety for human use,
verification of reported efficacy and authenticity of product labels. In USA, central-
ized regulatory agency is Food and Drug Administration known as FDA. As plant
based-vaccines are considered in biological materials apart from chemical entities,
plant-made pharmaceutics are regulated under Biologics License Application (BLA)
[105]. The European Union (EU) members have both their own national regulation
and the centralized regulation under European Medicines Agency (EMA) which
acts as the counterpart of FDA in Europe. The Committee on Herbal Medicinal
Products (HMPC) is the EMA’s committee responsible for compiling and assessing
scientific data on herbal substances, preparations and combinations, to support the
harmonization of the European market [106]. However, considering the nature of
plant based vaccines, they are under authorization of The Committee for Medical
Products for Human Use (CHMP) which plays a vital role in the authorization of
medicines in the European Union (EU).

Strictness of the regulation is mostly based on the production method and the
host plant. Non-food plants as Nicotiana species and the controlled indoor produc-
tion methods as plant tissue cultures or climate rooms are not regulated as strictly
as in field production of GM food plants. However, there are opinion differences
between EU and USA regarding the plant-made PMPs. In USA, regulation is at
product level. Field use of GM plants and plants used in vaccine development are
under secondary regulation of United States Department of Agriculture (USDA).
In May, 2020 USDA Animal and Plant Health Inspection Service (APHIS) released
revision on 7 Code of Federal Regulation (CFR) Part 340 regulations (85 Fed. Reg.
29790) which regulates the importation, interstate movement, and environmental
release of genetically engineered organisms that are or may be plant pests [107].
Therefore, scrutiny on biotechnological production is further reduced in favor of
researchers and companies. PMPs are currently under regulation of Title 21 (Food
and Drugs) US CFR along with other traditionally produced counterparts. In EU
regulation is on both production and final product level. All GM plant derived phar-
maceuticals including plant based vaccines are under the same regulation of other
biotechnology derived drugs which is indicated in European Commission Directive
2001/83/EC (on the Community code relating to medicinal products for human
use) [108] and Regulation No 726/2004 (for the authorization and supervision of
medicinal products for human and veterinary use) [109]. Also, if the host plant is
a human food or animal feed source, cultivation and release of GM plant is under
regulation of EC Directive 2001/18/EC (on the deliberate release into the environ-
ment of genetically modified organisms) [110] and 1829/2003/EC (on genetically
modified food and feed).

Regulatory approval of a PMPs and other biotechnologically derived products
may take up to a year depending on the legal response limits of the regulation
agencies. However, Covid-19 pandemic triggered a realization on EU and UK for
national and global needs. Therefore, product review, conditional approval and
deployment timelines are significantly reduced for PMPs [111].

In conclusion, infectious diseases threatened humanity countless times through-
out history. In particular, as pandemic and epidemic diseases killed millions of
people, it increases in importance to develop safe and cost-effective vaccines and
their storage and rapid distribution. Apart from many diseases such as diphtheria,
cholera, typhoid, tuberculosis, which are controlled by vaccine campaigns in
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developed countries, new vaccine production systems using recombinant DNA
technologies are needed for emerging diseases such as COVID-19, MERS-CoV, avian
influenza, Ebola, Zika and possible future infections. Plant-based vaccine produc-
tion for humans and animals stands out as an important alternative that can be used
to overcome the disadvantages of existing conventional vaccines. Within the scope
of plant biotechnology, it became possible to produce cost-effective, immunogenic
and safe vaccines thanks to the development of gene transfer strategies to plants
and improvements in amount, isolation and purification and addition of adjuvant
for production of recombinant vaccine antigens in plants. It is an undeniable fact
that the possibilities that recombinant vaccines can offer us will increase with new
standards and legal regulations to be introduced for the development, approval,
authorization, licensing, distribution and marketing of such vaccines. In scope

of future preventive healthcare, it is hard to assume monopoly of one particular
vaccine technology. There will always be some ups and downs in any vaccine
production methods. However, plant based vaccines represent considerable strong
suits and offer swift and viable solutions over traditional and other recombinant
vaccines.
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Chapter 5

microRNA Utilization as a
Potential Tool for Stress Tolerance
in Plants

Jyoti Rani

Abstract

This chapter describe the possibilities of MicroRNAs (miRNAs) in crop plants
gene expression regulation in different metabolic pathways. Several current
researches have shown different environmental stresses induce abnormal expres-
sion of miRNA, thus signifying that miRNAs may be an appropriate tool for
genetical improvement in plant for stress tolerance. These miRNAs mainly control
gene expression through translational inhibition. Generally, stress induce miRNAs-
based inhibition of their target mRNAs, however, positive transcription factors
accumulated and become more active after mRNA inhibition. Initially, researchers
were mainly focused on miRNA identification, appropriate to specific or multiple
environmental condition, expression profiling and recognize their roles in stress
tolerance. Transformed miRNA expression studied in some plant species for better
understanding of plant development and stress tolerance such as heavy metal,
salinity, temperature, drought and nutrient deficiency. All these findings indicate
that miRNAs act as a potential tool for genetic engineering and to enhance stress
tolerance in crop plants.

Keywords: RNA, miRNA, siRNA, biotic and abiotic stresses, plant development

1. Introduction

Plants form an essential portion of the earth system and used by man as food,
shelter, and a great source of medicine. Main threats to plant products and produc-
tivity are various human actions, biotic and abiotic stresses like soil toxicity, climate
change, water stress, microbial pathogen, insects, herbivores etc. Global industrial-
ization and increasing human population are two main factors that promote envi-
ronmental changes and also enhance the demand for crop production. However,
climate change and ever-increasing demand of plant products has the ability to
modify the atmospheric properties and modify soils, which can make crop yield,
development and growth more difficult. One of the important ways involves to
enhance the yield and crop productivity is by using environmentally friendly plant
protection measures [1]. Improvement in molecular biology and biotechnology
identified the microRNAs role at post transcriptional level in controlling important
secondary metabolites synthesis pathway [2]. This chapter gives a brief description
on discovery and biogenesis of miRNA. On the basis of current research, it also
describes the miRNA-based strategies used as potential tool for gene regulators in
biofuel sources, beverages, cereals, fruits, fibers and economically important crops.
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Plants are sessile organisms, obstinately face adverse environmental pertur-
bations termed as abiotic stresses, most important being drought, soil salinity,
extreme temperatures, and heavy metals [3]. Abiotic stresses have become a major
challenge due to their widespread nature and the devastating impacts on plant
growth, yields and the quality of plant produce. However, plants have developed
intricate mechanisms for sensing and responding to environmental changes [4].
To turn on protective mechanisms, plants trigger a network of genetic regulations
including altered expression of large proportion of genes by transcriptional and/or
translational regulations [5].

2. miRNA biosynthesis and their conservation in plants

miRNA is ranges from 20 to 24 nucleotide base pair in length and non-coding
RNA molecule [6]. MIR gene (miRNA genes) found in intergenic area of genome but
some miRNA gene also found within intronic region in both sense or antisense direc-
tion. miRNA biomolecules are grouped in the genome and transcribed collectively as
long polycistronic RNAs. miRNA synthesis occurs in the nucleus (Figure1).

MIR genes transcribed into a specific primary transcript by the RNA polymerase
IT [6]. These are distinctive and specific primary transcripts modified at 5’ end by
capping with a modified nucleotide and polyadenylated tail at the 3’ end with some
adenosines [7]. The miRNAs are further modified by DICER-LIKE (DCL1), serrate
(SE) and Hyponastic leaves 1 (HYL1) into precursors miRNA (pre-miRNAs). Pre-
miRNA is a hairpin like structure. miRNA: miRNA duplexes produce in nucleus by
further modification of pre-miRNAs by DCL1 [7].

S-adenosyl-L-methionine dependent RNA methyltransferase enzyme respon-
sible for duplex methylation and HUA enhancer 1 at their 3" end (HEN1) [8].

Mm"mm
oy 3 3 G

S Precursor miRNA

NUCLEUS

mRNA Cleavage

Figure 1.
Biosynthesis and mode of action of miRNA. Source: Djami-Tchatchou et al. [50].
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Plant homologous of EXPORTIN 5 and HASTY transport this modified duplex into
cytoplasm [9]. After transportation duplex separated by RNA-induced silencing
complex (RISC) along with ARGONAUTE (AGO) protein [10, 11]. One strand of
the miRNA is inserted into AGO protein comprised RISC complex, while other
stand degraded by exosome along with small-RNA degrading nuclease [8]. This
miRNA promotes the RISC loading to complementary mRNAs targets. Mature
miRNAs showed resemblance with the target mRNA encourages site-specific cleav-
age of target mRNA while miRNAs along with some damaged base pairing with
target mRNA leads inhibition of translation [8].

Some previous studies have shown that few miRNA bio-molecules are evolu-
tionarily conserved among all significant plant lineages, including bryophytes,
pteridophytes, gymnosperms, and angiosperms [12, 13]. miRNA families further
divided into two different classes on the basis of miRNA diversification and conser-
vation. The young miRNAs are expressed only in specific condition and at very low
level although old miRNA is more evolutionarily conserved and highly expressed.
In Arabidopsis some old studies reported the sign of regular synthesis and degrada-
tion of MIRNA genes. MIRNA gene producing loci either by aberrant transposition
or replication/recombination from expressed gene sequences. Furthermore, it also
showed that few miRNAs are lost during evolution [14].

3. Gene expression regulation by miRNA

For controlling various function of plant biology, specifically process control by
transcription actors, miRNA diversity is significant [15]. miRNAs act as a signifi-
cant controllers of gene expression and investigation on this aspect increasing now
adays [2, 13]. Gene expression regulated by miRNA through high sequence similar-
ity at the post-transcriptional level. Proper pairing between miRNA and targeted
mRNA promotes the corresponding mRNA degradation and improper pairing
between miRNA and target mRNA leads translation inhibition [13]. Poly(A) tail
removal induced by mRNA which further promotes the destabilization and degra-
dation of the target mRNAs [16]. Along with post-transcriptional gene expression
regulation, miRNAs also decrease arbitrary fluctuation in transcript copy number
and promote different metabolic pathways by transcription inhibition. miRNA
of different length produces by different gene, as well as varied length miRNAs
originated from the same gene. DCL1 enzyme mainly processed plant pre-miRNAs
and produce 21 nucleotide base pair long mature miRNAs, but few other DCLs
i.e. 24 can also be involved to produce miRNA of various lengths [17]. Diversity
miRNA pool expanded by such miRNA heterogeneity and can efficiently enhance
their monitoring possibilities. Additionally, miRNA diversity has practical used for
the production of miRNA precursor-based expression casettes designed to produce
artificial and sequence specific miRNAs [18].

4. Molecular techniques used for miRNA study

4.1 Techniques used for miRNA isolation, identification, and characterization
For miRNA identification first crucial step is to recognize their roles. Direct

cloning, sequencing, genetic screening and some bioinformatic approaches com-

monly used for miRNAs identification [19]. In Arabidopsis first plant miRNAs

identified such as miR156, miR159, miR164 and miR171 by isolating, cloning and
sequencing of small RNA populations [20]. Small number of miRNAs have been
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recognized by genetic screening, mainly due to the redundancy and sequence simi-
larity with other miRNA-coding genes. Genetic screening and activation-tagging
approach used for miRNA identification and significant to separate prominent
miRNA mutants like miR172a-2 [21]. JAW (jagged and wavy) loci also identified by
genetic screening, which generate a microRNA (miR-JAW) that can leads the deg-
radation of mRNAs of TCP genes which control leaf development [22]. Mutations
like deletions/insertions/further promotes the loss/gain of miRNA binding sites
during co-evolution of miRNAs and their target sites [23]. Mutation also contrib-
utes in identification for specific defect during development. In the earlier decade,
thousands of plant miRNAs identified by both experimental and computational
approaches. The main computational method used for miRNAs identification on
the basis of sequence similarity against DNA/genome sequence of some important
crop plants is BLAST (Basic Local Alignment Search Tool, www.ncbi.nlm.nih.gov/
blast/) [24-27].

Direct cloning and genetic screening are experimentally old methods used
for identification and functional characterization of miRNAs [20]. Sanger
sequencing technique used after direct cloning for identification of sequence
of base pair. But now a days next generation sequencing technology evolved
as a powerful tool for discovery of novel miRNA and target identification in
crop plants [9, 28]. Real time PCR and Northern bloting technique used for
validation of identified miRNAs expression [29, 30]. Along with this, miRNA
identification at protein level possible by using some other methods like mass
spectrometry, proteins chromatography, protein foot printing, Western blotting,
etc. at the protein level. Outcomes from these approaches showed that miRNAs
act as rheostats to make fine-scale alterations in protein output. Further, miRNA
identification promotes the development of different database which contains
searchable evidence on the miRNAs. miRbase (http://www.mirbase.org) is the
most significant and crucial bioinformatics tool used for miRNA research which
is a searchable and comprehensive miRNA database mainly based on miRNA
name, annotation, references and keyword [30]. A another bioinformatic
database like The Plant MicroRNA Database (PMRD; http://mirnablog.com/
plant-micrornadatabase-goes-online/) also contains information about plant
miRNAs, like miRNA and their target(s), expression profiling, genome browser
and secondary structure [31]. Several computational tools such as AthaMap
(http://www.athamap.de/), CLC Genomic workbench 6 software (CLC Bio,
Cambridge, MA, USA) and Next-Gen sequence databases also enhance the NGS
performance along with the knowledge about miRNA and their role in Plants
(https://mpss.udel.edu/index.php) [32].

4.2 Approaches for miRNA target screening and prediction

Several bioinformatics approaches and tools used for identification of miRNA
target gene [33]. Sequence similarity scoring and secondary structure investiga-
tion are main bioinformatics criteria used for miRNA and target identification are:
miRTarBase, miRTour (http://mirnablog.com/mirtour-plantmirna-and-target-pre-
diction-tool/, psRNATarget (http://plantgrn. noble.org/psRNATarget/) and TAPIR
(http://bioinformatics.psb.ugent.be/webtools/tapir/) [30]. Relationship between
microRNA and its target confirmed by micRTarBase database (http://mirtarbase.
mbc.nctu.edu.tw/) [34]. While the target mRNA expression levels can be observed
by real-time PCR, for mapping the target site 5-Rapid Amplification of cDNA Ends
(RACE) used. Now a days, the degradome sequencing technique was developed for
identification of comparative profusion of cleaved targets [30].
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5. Functional roles of miRNAs

Several previous studies on model plants like Arabidopsis and some other plants
confirmed that the miRNAs are involved in different biological pathways in which
they play significant role in growth and development, upkeep of genome integrity,
response to various biotic and abiotic stresses, signal transduction, homeostasis
and hormone signaling pathways [35]. Different aspects of the miRNA regulatory
roles in development, biosynthetic pathway and adaptive response to stresses have
been reviewed [36] and more continues to be reported. Current study revealed that
the miRNAs can be used to reprogram various cellular pathways, followed by the
formation of microbe-associated molecular pattern (MAMP) molecules during
pathogen attack, promote some dynamic changes in microtranscriptome along with
differential transcriptional regulation in support of immunity and resistance [2].

6. miRNA-based strategies for improving plant crops

miRNA functional analysis confirmed their essential role in different biological
and metabolic pathways in economically important plants [37]. Several studies
indicated that miRNAs are act as a riboregulatory which control gene expression
during plant growth and development, and response to biotic and abiotic stress.
Consequently, miRNA-based genetic engineering technology is one of the most
important tools which can play an essential role to enhance agricultural produc-
tion in order to generate superior crop cultivars [38]. miRNA-based regulation of
gene expression manipulated by several transgenic methods like overexpression
of miRNA resistant gene, the production of artificial targets [37] is used. When
miRNA of interest possesses a negative control on stress factors that miRNA will be
an outstanding way for crop improvement, in which transgenic plants overexpress-
ing the semi RNAs are susceptible to stresses [39].

Additional approach in which artificial miRNAs (amiRNAs) designed and used
to suppress protein-coding mRNA expression. This is an advance gene silencing
technique at post-transcriptional level which has been used efficiently in differ-
ent plant species [40]. The artificial miRNAs technology was used to suppress
the expression of the cucumber mosaic virus suppressor 2b [18]. After efficiently
inhibiting 2b expression it also enhances resistance to transgenic tobacco plants
against this virus [41]. This method was found an essential way to generate advance
transgenic plants with high yield and improving crop tolerance to biotic and abiotic
stresses [42].

6.1 Improve crop tolerance to abiotic and biotic stresses using
microRNA-based approaches

Plant through molecular pathway replies to abiotic stresses involve interaction
and interlinkage of different biosynthetic pathways involving gene expression
regulation by miRNA and miRNA regulation [43]. Therefore, novel plant varieties
produced with better environmental stress tolerance is essential for increasing crop
productivity and quality. Previous studies proved that in tomato, the overexpres-
sion of miR169 increased water stress tolerance by inhibiting stomatal opening,
which decreasing transpiration rate and water loss [44]. Salt stress tolerance in
rice improved by decreasing expression of osa-MIR396c [45]. Similarly, transgenic
rice lines produce by increasing the expression of miR398-resistant miRNA, due to
this transgenic rice with more Cu- or Zn superoxide dismutases enzyme exhibited
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more tolerance to high water and salinity stress [46]. Induced expression of miR319
improve cold stress tolerance and also modify leaf morphology in rice [47].

Modernisation and advancement in miRNA research have also contributed in
biotic stress tolerance in several plant species. Some previous research investigated
that the Osa-miR7696 miRNA overexpression produce blast resistance transgenic
rice [48]. In several plant species it was studied that the overexpression of miR393
effectively hinders the microbial growth and providing a disease resistant tool [3].
Few investigations showed that the miR160a overexpression positively regulate cal-
lose deposition induced by MAMP, while miR773 and miR398b negatively control
MAMP-induced callose deposition and provide specific protection to bacterial
infection [49]. Numerous studies conducted on model plants like Arabidopsis to
investigate the miRNA role in plants [30], but till now only few researches were
done on the significant role of miRNAs. Therefore, it is concluded after detailed
analysis of old literature that miRNAs and its regulation play a crucial role in stress
tolerance in plants.

6.2 microRNA-based approaches to improve plant growth and development

miRNAs play a crucial role in plant growth and development pathways such as
leaf morphogenesis, apical dominance and plant biomass. Several miRNAs based
new method used for production of transgenic plants for improving growth and
development like plant morphology, fruit quality improvement, grain yield and
more shelf life [S0]. Overexpression of miR319 caused continuous growth of leaf
margins and larger leaflets in tomato [51]. Previous studies in Arabidopsis indi-
cated that the miR156 overexpression results in the increase in number of leaves,
shape and size which can be 10 times higher than normal wild-type [52]. Recent
investigation on switchgrass showed that the overexpression of miR156 repressed
apical dominance which results into the increase in biomass and number of tiller
by 58-100% in genetic modified plants [53]. Correspondingly, in tomato the more
expression of miR156, increased the number of branching and leaves, and further
enhance the plant biomass but supress the apical dominance [54].

Overexpression of OsmiR397 microRNA enhance rice productivity by increasing
number of panicle branching and grain size [55]. Overexpression of miR319 in rice
also increases the number of small and longitudinal veins [47]. In rice overstimula-
tion of miR390 miRNA increasing the lateral root formation [56] by decreasing
the gene expression of several lateral root growth repressors such as ARF2, ARF3,
and ARF4. In Medicago truncatula, it was studeid that the overexpression of
miR160, regulate the expression of gene which were significant for gravitropic
movement and root development and induce several defects in root growth, root
apical meristem organization and root nodule formation [57]. It has also been
well-documented that miRNAs also play an essential role in controlling transition
from vegetative to floral meristem in few crop plants such as Arabidopsis, maize and
rice. Glossy 15 (APETALA-like gene) in maize mainly control the transition from
vegetative to reproductive phase along with the leaf morphogenesis. An additional
study on maize demonstrated that the miR172 overexpression leads to the inhibi-
tion of glossy15 gene expression which delayed phase transition from vegetative to
reproductive [58]. Furthermore, [59] demonstrates that overexpression of miR172
and miR156 promotes the adult reproductive phase however low miR172 and high
miR156 expression promote juvenility. Till now various role of miRNAs are studied
in economically important crop plants either by increasing or decreasing miRNA
expression, the manipulation of miRNA expression can be used for confirmation of
miRNA functions and provide an effective way for improving plant growth, devel-
opment, fruit, and seed development as well as plant biomass and productivity [50].
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6.3 miRNA manipulation by genome editing technologies

To access the diverse roles of miRNAs in crops, a number of investigations con-
ducted on miRNAs [45]. Although, due to small size of miRNA, the effectiveness
of the well-known approaches for functional loss and inhibiting miRNA expression
are comparatively less strong. Mainly, two genome editing techniques with modi-
fied nuclease enzyme are significant for selecting appropriate genome alteration
[60]. These techniques mainly depend on the production of double-stranded breaks
at target sequences by TALENSs (Transcription Activator-Like Effector Nucleases)
and CRISPR (Clustered, Regularly Interspaced Short Palindromic Repeats) DNA
modification methods [61]. CRISPR-Cas9 technology developed as an advance
RNA-dependent gene and genome editing tool due to its suitability to a variety of
organisms [62]. A previous study on rice demonstrated that Cas9 also guided by
modified gRNA for appropriate cut and genome editing of some selected crops [63].
One more study in soybean showed that the CRISPR/Cas9 system is very effective
for removing a green fluorescent tagged protein transgene and modifying nine
different endogenous loci [64].

CRISPR/Cas9 genome editing technology specifically and strongly decreases
the 96% expression of miRNAs [62]. This method has transformed gene editing
abilities and has been useful in several model plants such as Arabidopsis, tobacco etc.
and other crops plant such as rice, wheat, maize, tomato and sorghum. But non-
coding RNA editing by CRISPR/Cas method in plants is still emerging [65]. Due
to the effectiveness of CRISPR/Cas technology, it can be also used as an influential
genome-editing tool for genetic modification and functional characterization
of plant genes/miRNAs and for genome modification to improve agricultural
crops [66].

7. Conclusion and future perspectives

Above mentions exemplified case studies indicated that currently miRNAs
viewed as a most essential gene regulator tool. This chapter also focused on the
studies that describe the multipurpose role of miRNAs in plants. Recent advance-
ment in biological science made to access and characterize miRNAs in crop plants,
with a growing number of researches on the significant function of miRNAs [49].
As described, in plants few important processes like homeostasis, growth and
development, vegetative to reproductive phase transition and signal transduction
and response to various stress are regulated by miRNA [13]. Few recent studies also
showed that in plants miRNAs biomolecule act as plant defense and organizers of
immune responses [67]. In this regard, the supervision of miRNA expression levels
would recognize a crucial way for enhancing the plant growth and development as
well as various biotic and abiotic stresses tolerance.

Various transgenic approaches, focused on miRNA role and its importance and
identification on corresponding target genes. These includes miRNA overexpres-
sion, tissue-specific expression of the targets or miRNAs or stress induce, artificial
miRNA, expression of miRNA resistant target gene and artificial target mimic [68].
In cases where the natural target gene has a harmful effect on plant, the overexpres-
sion of the regulatory miRNA decreasing the corresponding mRNA expression
[47]. Where the target gene has a positive effect, approaches tracked can involve the
artificial target mimics or selection of miRNA resistant target gene and the over-
expression of the target genes [37]. Although this approach generally successful,
the applied agricultural application of the miRNA methods is interesting since the
modification and alteration in complicated multi-genic traits such as productivity
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may require alteration in expression of different genes during different develop-
mental stages of plant. However, for improving crop stress tolerance several new
strategies used for improving miRNA bases gene regulation in model plants [69].

It is also possible that few miRNAs affect expression of target gene only in some
specific cell, and exclusively under specific environmental conditions as several
miRNAs may have complicated expression pattern. In this circumstance, analysis
of effect of miRNA on expression in whole organs would uncertain; therefore, the
experiment should be specifically and carefully designed for improved results.
Several artificial miRNAs designed and used to suppress expression of a target gene
and protein-coding mRNA of interest is one of the among valuable and suitable
approach for plant improvement [70]. Due to insufficient concentration and
expression the effect of some crucial miRNAs may not visible in living tissue. For
producing plants with desirable characters, it would be essential to execute some
quantitative analysis of the natural miRNA(s) of the cells, before designing the
artificial miRNAs.

Although, old artificial miRNA approach used as important tool for genetic
modification [70], but still there is some more knowledge required for its appropri-
ate use in the differentiation and translational inhibition by miRNA. Single miRNA
produced by artificial nucleic acid with the ability to inhibit target loci, avoid and
predict all the unnecessary genes for experiment design [52]. By modifying miRNA
regulatory pathways, miRNA activity also altered for attaining a desired trait [71].
miRNA action negatively controlled by endogenous RNAs, it is a more flexible and
fast way to understand the miRNA function, as well as for manipulation of target
gene in plants [72]. This technique offers the way to attenuated miRNA inactiva-
tion by significant regulation of native miRNA targets and produce a wide range of
phenotypes by change the miRNA decoy site sequence. However, for appropriate
crop improvement and proper utilization of this approach, miRNA inactivation at
appropriate level and to avoid off-site effects of miRNA which generate some false
positive results [73]. Also, the interaction between miRNA and miRNA decoy, as
well as the several complex produce by this interaction, is not well known and can
causes the miRNA destabilization in organisms. Consequently, for the practical uses
of this method in plants, some new and advance modification is needed on the pro-
cedure basic decoy-associated regulation of gene expression and miRNA turnover.
miRNA and miRNA variants act as important tool in plant improvement, it is also
nullifying the side effect produced accidently by genetic engineering technology
[73]. If the targeted gene and expression of miRNA is modified, it can produce some
pleiotropic alteration in plant development and morphogenesis. Therefore, it is very
essential to recognize the miRNA regulation method for plant development, growth
and plant responses to different biotic and abiotic stresses. This will simplify the
plan of appropriate strategies resulting in the desired traits but with minimum
trade-offs in the modified crops.
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