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Abstract RNA interference (RNAI) is a naturally occurring biological process that
regulates plant growth and development, defense against pathogens, and
environmental stresses. It is a sequence-specific homology-based silencing
mechanism in which the function of a gene is interfered or suppressed. Small
interfering RNAs (siRNAs) and microRNAs (miRNAs) are produced inside the
plant cell through the activation of RNAi machinery, which downregulates the
expression of the target genes at transcriptional and translational levels. RNAI is
more specific, precise in its action, and considered as a potential technology for
functional genomics studies. In the last 15 years, it has emerged as a scientific
breakthrough for crop improvement without affecting other agronomic traits. It has
also been employed as a novel method in understanding the basic phenomenon of
plant defense and metabolism. Several desirable traits have been improved in the
crop varieties through RNAi, which include crop protection against biotic and
abiotic stresses, enhancement of nutritional value, alteration in plant architecture for
better adaptation to environmental conditions, overexpression or removal of
secondary metabolites, enhancement of shelf life of fruits and vegetables, generation
of male sterile lines, and development of seedless fruits. In this book chapter, we
have discussed RNAI and its applications in crop improvement.

Keywords RNA interference - siRNAs - miRNAs - Gene silencing - Crop
improvement - Transgenic plants - Stress tolerance - Plant architecture

B. Mamta - M. V. Rajam (<)
Department of Genetics, University of Delhi South Campus, New Delhi, India
e-mail: rajam.mv@gmail.com

© Springer International Publishing AG, part of Springer Nature 2018 41
S. S. Gosal, S. H. Wani (eds.), Biotechnologies of Crop Improvement, Volume 2,
https://doi.org/10.1007/978-3-319-90650-8_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90650-8_3&domain=pdf
https://doi.org/10.1007/978-3-319-90650-8_3
mailto:rajam.mv@gmail.com

42 B. Mamta and M. V. Rajam

3.1 Introduction

RNA interference is a conserved, naturally occurring gene regulatory mechanism. It
is evolved to protect the organisms against the invading foreign nucleic acids.
Besides, it is also required for maintaining genomic stability, regulation of transpo-
son movement, epigenetic modification, and control of cellular processes at tran-
scriptional and translational level (Ketting 2011; Castel and Martienssen 2013). Fire
et al. (1998) coined the term RNAI for the unknown silencing mechanism observed
upon exogenous supply of dsRNAs of sense and antisense transcripts in
Caenorhabditis elegans. They have also detected that dsSRNAs of target gene induced
silencing even in low concentration and mentioned about the existence of amplifica-
tion process in C. elegans. Earlier to RNAI, similar types of silencing phenomenon
were also reported by scientists working on plant and fungal systems (Napoli et al.
1990; Romano and Macino 1992). They found that the introduction of transgene
caused downregulation of transgene as well as the endogenous gene. The phenom-
enon was called as “co-suppression” in plants and “quelling” in fungi. Later, it was
demonstrated that protein complexes involved in RNAi and related phenomena were
conserved across the kingdoms (Baulcombe 2000; Matzke et al. 2001). So far, RNAi
and related mechanisms have been described in prokaryotes such as bacteria (clus-
tered regularly interspaced short palindromic repeats) (Wilson and Doudna 2013)
and eukaryotes — algae (Cerutti et al. 2011), fungi (Romano and Macino 1992),
moss (Bezanilla et al. 2003), plants (Napoli et al. 1990), nematodes (Fire et al.
1998), Drosophila (Hammond et al. 2000), and mammals (Elbashir et al. 2001).

RNAI involves homology-based sequence-specific degradation of target gene
transcripts (Wilson and Doudna 2013). It is triggered by aberrant dSRNAs which can
vary in length and origin. These aberrant or foreign dsRNAs are processed into small
RNA duplexes of variable sizes ranging from 21 to 28 nucleotides (nt). Small RNA
molecules are loaded on protein complex and then directed toward their cognate
RNA where they cause cleavage of target gene or suppression of translation. They are
also capable of inducing modification at DNA level through methylation or deacety-
lation (Molnar et al. 2010). RNAI and its executive molecules are, thus, responsible
for gene regulation at transcriptional, posttranscriptional, and translational levels
(Xie et al. 2003; Brodersen et al. 2008; Molnar et al. 2010; Khraiwesh et al. 2010).
The discovery of RNAi gave a new tool in the hand of scientists to manipulate the
plants through genetic engineering and to study the functional genomics. Nowadays,
RNAI is extensively used for crop improvement through the alteration of desirable
traits in plants. Steps involved in the development of effective RNAi-based strategies
for crop improvement include the identification of a suitable target, preparation of an
efficient RNAI construct, transformation of plants with the RNAi construct, and eval-
uation of RNAI lines for desirable characteristics (Saurabh et al. 2014). Different
bioinformatic tools are used for initial screening of target genes so that the sequence
used for preparation of RNAI construct do not bear any off-target effects on plant’s
development or nontargeted organisms (Saurabh et al. 2014). This chapter summa-
rizes the various applications of RNAIi for crop improvement.
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3.2 RNA Interference (RNAi): siRNAs and miRNAs

The small noncoding RNAs (ncRNAs) mediate gene silencing at transcriptional
and posttranscriptional levels. Both transcriptional gene silencing (TGS) and
posttranscriptional gene silencing (PTGS) pathways start with dsRNAs but pro-
cess through different machineries and mechanisms. PTGS is generally employed
for host-induced gene silencing (HIGS), i.e., host plants engineered to produce
siRNAs/miRNAs against the target gene. siRNAs and miRNA are the effector
molecules for PTGS (Bartel 2004; Zamore and Haley 2005; Vazquez 2006). Both
siRNAs and miRNAs are 20-24 nt long and are generated through the processing
of long dsRNA. They vary in origin, initial precursor structure, biogenesis path-
way, and mode of action (Axtell, 2013). Formation of siRNAs is triggered with the
appearance of aberrant dsSRNAs from endogenous or exogenous sources (Fire
et al. 1998; Tuschl 2001). Plant cell recognizes these aberrant dsRNAs as foreign
particles and cleaves them into 21-25 nt small siRNA duplexes with the help of
dicer (DCL), an RNAse III endonuclease family member (Hamilton and
Baulcombe 1999; Hammond et al. 2000; Bernstein et al. 2001). The generated
siRNA duplexes have phosphate group at 5" end and two nucleotide overhangs at
3" end (Bernstein et al. 2001; Elbashir et al. 2001). The siRNA duplexes are then
loaded onto RNA-induced silencing complex (siRISC) through the recognition at
3’ overhangs. Degradation of passenger/sense strand of siRNAs (strand which has
same sequence as the target mRNA) activates the RISC complex and directs the
remaining antisense siRNAs toward the cognate mRNA. Argonate (AGO) protein,
the main component of RISC complex, then brings out the cleavage of target
mRNA based on the sequence-specific homology between antisense siRNA and
target mRNA. Plant miRNA biogenesis starts with the endogenous primary
miRNA (pri-miRNA) precursor, which has partial double-stranded stem-loop
structure and is transcribed by RNA polymerase II in the nucleus (Jones-Rhoades
et al. 2006; Zhu 2008). The pri-miRNA is further processed into 70—110-nt-long
precursor miRNA (pre-miRNA) by RNase III enzyme DCL1 (dicer-like 1) and
other proteins (HYLI1, SE, HEN1). The pre-miRNA is cleaved by DCLI into
22-24-nt-long miRNA duplex, which is then moved to cytoplasm with the help of
HASTY protein. The mature miRNA/miRNA* duplex is then recruited into RISC
complex, and degradation of sense miRNA by SDN protein takes place leading to
the activation of RISC complex. Mature miRNAs bind to the target mRNAs
mostly at 3> UTR (untranslated region) and mediate their cleavage or translational
blockage (Bao et al. 2004; Khraiwesh et al. 2010). MicroRNAs are expressed dur-
ing plant growth and development, synthesis of secondary metabolites, abiotic
and biotic stress reactions, etc. Alteration in their expression and biosynthesis
could be beneficial for the development of plants with valuable characteristics
(Pareek et al. 2015) (Figs. 3.1 and 3.2).
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Fig. 3.1 Biogenesis and silencing mechanism of siRNAs (Reproduced from Yogindran and Rajam
2015)

3.3 RNAIi for Crop Improvement

Plants are the major source of all kind of food to human being and livestock.
Environmental changes, scarcity of land, and depletion of natural resources limit the
crop productivity, thereby causing instability in food security and malnutrition
across the world. The existing breeding and improvement programs are associated
with various physiology, ecological, and biological drawbacks. In recent time,
genetic engineering through RNAi has proven its potential for improving crop
varieties for different useful agronomic traits.

3.3.1 Biotic Stress Resistance

The pathogens (viruses, bacteria, and fungi), insect pests, and nematode parasites
are the biotic factors, which hinder the growth and development of crop plants and
affect their quality and yield. Worldwide, biotic factors account for about 40% loss
in six major food and cash crops (Oerke 2006). Geometrical elevation in world’s
population demands for novel techniques for effective management of biotic factors.
RNAi-mediated crop protection against biotic factors opened up a new era in this
direction.
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Fig. 3.2 Biogenesis and silencing mechanism of miRNAs in plants (Reproduced from Pareek
et al. 2015)

Insect pests mostly damage the plants during reproductive stages. Insecticides
offer a quick control for eradication of insect pests, but excessive use of insecticides
and its persistence in environment and food crop makes it unsuitable for long use.
The effectiveness of host-induced RNAi for control of insect pests was first demon-
strated by Mao et al. (2007) and Baum et al. (2007). Mao et al. (2007) showed that
sensitivity of insect pest toward phytotoxin (gossypol) can be increased by inhibit-
ing the expression of insect PA50 monoxygenase gene involved in the detoxification
of gossypol through HI-RNA!I in cotton. Transgenic maize plants were developed to
produce siRNAs against the vital gene of an insect pest, Coleopteran western corn
rootworm, V-ATPase for insect resistance. Recently, it has been shown that silenc-
ing of chitinase gene in Helicoverpa armigera through HI-RNAi caused downregu-
lation of the target gene transcripts and induced mortality and developmental
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deformities at larval, pupal, and adult stages (Mamta et al. 2015). Previously,
HI-RNAIi was used to control different insect pests such as H. armigera (Zhu et al.
2012; Mao et al. 2013; Liu et al. 2015; Jin et al. 2015), Manduca sexta (Kumar et al.
2012), Nilaparvata lugens (Zha et al. 2011; Yu et al. 2014), and Bemisia tabaci
(Thakur et al. 2014) through silencing of vital genes of the target pests.

Host genes involved in growth, development, and parasitism are found to be
effective targets for control of nematodes through HI-RNAi (Huang et al. 2006;
Yadav et al. 2006; Sindhu et al. 2009; Papolu et al. 2013; Tamilarasan and Rajam
2013; Xue et al. 2013; Banerjee et al. 2017). For example, the expression of HgALD
dsRNA in soybean gave resistance against nematodes (Youssef et al. 2013). HgALD
gene encodes for fructose-1,6-diphosphate aldolase enzyme required during gluco-
neogenesis. Silencing of FMRF amide-like peptide gene flp-14 and flp-18 through
HI-RNAI led to the inhibition of invasion and reproduction pathways and thereby
decreases the parasitic responses of root-knot nematode, Meloidogyne incognita
(Papolu et al. 2013).

Fungal pathogens not only cause huge crop losses but also produce harmful
mycotoxins in crop plants. Ingestion of mycotoxins even in low quantity leads to
serious health problems in living beings. Control of fungal infections has been
achieved through HI-RNAI in different crop plants (Nowara et al. 2010; Yin et al.
2011; Nunes and dean 2012; Koch et al. 2016). Tinoco et al. (2010) demonstrated
HI-RNAI as a proof of concept in fB-gluconidase (GUS) expressing necrotrophic
fungi, Fusarium verticillioides, through silencing of GUS transgene expression by
uptake of GUS-targeted siRNAs generated in transgenic tobacco. A recent study by
Chen et al. (2016) showed the development of resistance in barley against Fusarium
culmorum through downregulation of p-1, 3-glucan synthase (FcGlsI) gene expres-
sion. Inhibition of FcGlsI gene induced defects during hyphae growth and develop-
ment and fungal invasion (Chen et al. 2016). In virus, mostly coat protein (CP) genes
are reported to be the potential target for Hi-RNAi (Andika et al. 2005; Kamachi
etal. 2007; Kumar et al. 2012; Zhou et al. 2012). For example, production of siRNAs
against CP gene of cucumber green mottle mosaic virus (CGMMYV) provided resis-
tance against this virus in tobacco (Kamachi et al. 2007). Recently, resistance in
tomato (Solanum lycopersicum) against yellow leaf curl virus was achieved through
simultaneous silencing of different viral disease-responsive genes by expressing chi-
meric dsRNA (Chen et al. 2016). Viral resistance can also be achieved by targeting
RNAI suppressor proteins. For example, downregulation of viral suppressor proteins
(AC2 and AC4) by trans-acting siRNAs generated in tobacco provides high resis-
tance against tomato leaf curl New Delhi virus (ToOCNDV) (Singh et al. 2014).

Under biotic stress conditions, expression of various miRNAs gets enhanced or
repressed (Khraiwesh et al. 2012; Li et al. 2012; Kumar 2014; Singh et al. 2014). Li
et al. (2012) showed that 20 miRNAs were differentially expressed in susceptible
soybean variety as compared to the resistant variety against soybean cyst nematodes
(SCN — Heterodera glycines). Overexpression of osa-mi7696 provided immunity to
rice (Oryza sativa L. ssp. japonica) against blast fungi Magnaporthe oryzae (Campo
et al. 2013). This miRNA negatively regulates the expression of natural resistance-
associated macrophage protein-6 (OsNramp6) in rice. Thus, RNAI is emerging as a
potential alternate approach for gain of resistance under biotic stress conditions.
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3.3.2 Abiotic Stress Tolerance

Under natural field conditions, plants are often not able to attain their full growth
and development due to the continuous exposure to different abiotic stresses.
Drought, salinity, and variation in temperature are the major abiotic conditions,
which cause huge crop losses around the world. The changing environment and
increasing food demands for growing population exerts great pressure on scientists
for development of stress-tolerant crop varieties. Under stress conditions, plants
synthesize different noncoding RNAs (ncRNAs) for gene regulation at
transcriptional, posttranscriptional, and chromatin level. The ncRNAs and their
targets can be utilized for generation of abiotic stress-tolerant variety through RNALI.
Downregulation of receptor for activated C-kinase 1(RACK/) through RNAIi
resulted in development of drought tolerance in rice (Da-Hong et al. 2009). RACK1
is a conserved scaffold protein that regulates expression of antioxidant-related
enzymes such as superoxide dismutases (SODs) in plants. Inhibition of RACK1
increases the accumulation of SODs and provides tolerance against drought as well
as reactive oxygen species (ROS). Likewise, suppression of farnesyltransferase/
squalene synthase (SQS) through siRNA generated from maize squalene synthase
enhanced drought tolerance at vegetative and reproductive stages in rice (Manavalan
et al. 2012). Increase in endogenous sterol level through silencing of SOS decreases
the stomata density and prevents water loss through transpiration, thus preventing
the plant from wilting under drought condition. OsTZF1 is a CCCH-type zinc finger
protein that gets expressed under drought, salinity, and ROS conditions. Silencing
of OsTZF1 gene enhances the tolerance of rice plants to high salt and low water
conditions, indicating its role in abiotic stress tolerance (Jan et al. 2013). Low
expression of OsTZF1 gene maintains the internal homeostasis of plants through
change in hormonal expression at cellular and molecular level under high salt
condition. Similarly, suppression of the proline-rich proteins in Poncirus trifoliata
through RNAi decreases the tolerance in plants against cold conditions. It was
observed that PtrPRP protein gets accumulated at high level in cold condition and
its inhibition disrupts the reactive oxidative species homeostasis and membrane
permeability in plants (Peng et al. 2015).

Response to abiotic stress is regulated by different miRNAs in economically
important crops such as rice, wheat, legumes, sugarcane, radish, etc. (Goswami
et al. 2014; Kruszka et al. 2014; Naya et al. 2014; Gentile et al. 2015; Zhang 2015;
Sun et al. 2015; Shriram et al. 2016). miRNAs mostly regulate transcription,
detoxification, and development processes. Several miRNAs get upregulated under
heat stress condition. For example, high expression of mir398 under heat stress
condition suppresses copper/zinc super oxide dismutase (CSD) genes. It was
observed that the overexpression of miRNA398 decreases the sustainability of
Arabidopsis thaliana and common bean (Phaseolus vulgaris) plants under heat
stress due to miRNA-mediated degradation of CSD mRNAs (Guan et al. 2013;
Naya et al. 2014). Cold-tolerant rice plants can also be generated, without any
developmental defect through downregulation of TF by Osa-miRNA319 (Yang
et al. 2013). Similarly, a drought-responsive mirl68 acts on nuclear factor Y (NF-
YA5). Overexpression of soybean NF-YAS5 in A. thaliana increases its tolerance
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against drought condition (Ni et al. 2013). Gao et al. (2011) showed that high
expression of Osa-miRNA393 decreases susceptibility of rice toward intolerable
salt concentration present in soil. Recently, 22 novel miRNAs were identified in
radish (Raphanus sativus) under high salt conditions, which regulate salt-responsive
genes such as auxin response factors (ARFs), squamosa promoter-binding-like
proteins (SPLs), and nuclear transcription factor Y (NF-Y) (Sun et al. 2015). NAC
gene encodes for transcription factor required during plant development and
environmental stresses. Thus, miRNAs maintain resistance to different abiotic
stresses through up- and downregulation of the target gene transcripts.

3.3.3 Increasing Nutritional Value

Plants are the major source of various biologically active compounds required for
overall growth of human. More than 2 billion people are found deficient in one or
the other major nutrients and showed “hidden hunger” malnutrition (FAO 2013).
Nowadays, various molecular biology and biotechnology techniques are being
exploited in order to achieve the required level of nutrition in major staple foods.
RNAI offers the new avenue for biofortification of nutrients in crop plants through
modification of various physiological and biochemical pathways. Essential fatty
acids found in oil are important for smooth functioning of the heart in human. Fatty
acid composition in seeds can be easily modified through RNAi technology. The
stability and oil quality of soybean oil were improved by downregulation of the
expression of alpha-linolenic acid (18:3). Hairpin RNA-mediated tissue-specific
suppression of omega-3 fatty acid desaturase enzyme significantly reduced the level
of alpha-linolenic acid in transgenic soybean from 1 to 3% as compared to its level
in untransformed soybean. Omega-3 fatty acid desaturase enzyme is responsible for
the conversion of linoleic acid (18:2) to alpha-linolenic acid (18:3) in seeds (Flores
et al. 2008). Opaque 2 gene (O2) encodes basic leucine zipper transcriptional factor,
which regulates a storage protein. RNAi-mediated suppression of Opaque 2 gene
resulted in increased lysine content in maize seeds without affecting the general
function of O, (Angaji et al. 2010). Wheat expressing high level of amylase can be
generated by downregulating the starch-branching enzymes (SBE) through RNAi
(Regina et al. 2006). Low glutelin-containing rice is highly recommended for kid-
ney patients due to its easy digestibility property. Kusaba et al. (2003) produced low
in glutelin content rice variety, LGC-1 (low gluten content 1), through inhibition of
GluB gene expression. When potatoes were grown at low temperature, starch was
converted into sucrose and fructose, making the potato sweet, a phenomenon called
“cold sweetening.” RNAi-mediated downregulation of sucrose phosphatase gene
(SPP) inhibited the cold sweetening phenomena in potato without significantly
affecting its other agronomic parameters (Chen et al. 2008). Starch degradation is
mediated by phosphorylation and dephosphorylation processes. Inhibition of starch
degradation through alteration in the phosphate metabolic genes using RNAi
enhanced the starch content in A. thaliana and Zea mays (Weise et al. 2012).
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Tomatoes are known for their minerals, fibers, vitamins, and antioxidant prop-
erty (Rajam et al. 2007). Overexpression of carotenoid or flavonoid synthetic genes
or transcription factors increases either carotenoid or flavonoid content. RNAi has
been employed in order to improve the level of both carotenoids and flavonoids in
tomato fruit. DET] is a photomorphogenesis regulatory gene, which represses
several light-mediated signaling pathways. Expression of dsRNA of DETI under
fruit-specific promoter in tomato suppressed endogenous expression of DET] and
resulted in high levels of flavonoids and carotenoids in tomato fruits (Davuluri et al.
2005). Similarly, downregulation of lycopene epsilon-cyclase (e-CYC) gene
expression through RNAI increased the carotenoid content in rapeseed (Brassica
napus). High expression of f-carotene, lutein, zeaxanthin, and violaxanthin was
observed in seeds obtained from these RNAIi Brassica lines (Yu et al. 2007). Hence,
RNAI has tremendous potential to eradicate the malnutrition across the world.

3.3.4 Increase in Shelf Life of Fruits

Fruits and vegetables are rich in various minerals and vitamins. They are harvested,
stored, and transported for human consumption. The post-harvest crop losses
include losses due to mishandling, spoilage, diseases, and pest infestation during
storage and transportation. Delayed in ripening is one of the process through which
post-harvest losses can be minimized. Climacteric fruits respond to ripening process
according to the concentration of ethylene, where ethylene acts as ripening hormone
which initiates, regulates, and coordinates the expression of various ripening-related
genes. Blocking of ethylene biosynthesis, ethylene-mediated signaling, and ethylene
response elements through RNAI has been shown to delay the ripening process and
help in enhancement of shelf life of fruits and vegetables, a trait which is demanded
in post-harvesting or transportation industry (Xiong et al. 2005; Gupta et al. 2013;
Luo et al. 2013). I-Aminocyclopropane-1-carboxylate (ACC) oxidase is an enzyme
involved in synthesis of ethylene from its precursor ACC. Suppression of ACC
oxidase through RNAi decreased the production of ethylene and delayed the
ripening process in tomato (Xiong et al. 2005). Synthesis of ethylene precursor
ACC is catalyzed by ACC synthase, a critical enzyme in ethylene biosynthetic
pathway. Gupta et al. (2013) showed that simultaneous silencing of the three
homologs of ACC synthase regulates the ethylene biosynthesis more efficiently.
They expressed the chimeric dsSRNA resulted from an off-target-free sequences of
three tomato ACS homologs under the control of fruit-specific promoter 2A11 and
observed a delay in ripening and increase in shelf life for about 45 days in transgenic
tomato due to low production of ethylene. They also observed that the expression of
ethylene-responsive genes gets affected by low expression of ethylene in RNAi
plants. Ripening process also leads to accumulation of carotenoids in fruits. The key
carotenoid biosynthesis gene (SIPSYT) is inhibited by STAY-GREEN (SISGR1)
protein. SISGR1 also coordinates with ripening process through regulation of
ethylene signaling and expression of ethylene-responsive genes. RNAi-mediated
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downregulation of SISGRI enhances the shelf life of tomato up to 25-48 days. The
low expression of SISGR1 protein suppressed the production of H,O, and alters the
ethylene-mediated signal transduction in tomato, thus enhances ripening process
through ethylene and carotenoid production (Luo et al. 2013).

Fruit development and ripening is a complex process, regulated by a variety of
microRNAs (Moxon et al. 2008; Molesini et al. 2012; Karlova et al. 2013). The
targets of miRNAs were found to be wide range of transcription factors (TFs),
which act as negative or positive regulators for fruit ripening process. For example,
tomato mirl72 negatively regulates ripening process through downregulation of
APETALA2 (SIAP2a) gene (Chung et al. 2010; Karlova et al. 2011). Similarly,
mirl156 targets squamosa promoter-binding protein (SBP) and negatively regulates
ripening process (Manning et al. 2006; Moxon et al. 2008). Inhibition of SBP
through mir156 induced colorless never ripe (CNR) phenotype in tomato (Moxon
et al. 2008). Karlova et al. (2013) proposed that a correlation exists between CNR
and AP2 during ripening but these TFs are negatively regulated by miRNA 156 and
172, respectively. A recent study showed that the ripening inhibitor (RIN)
transcription factor binds directly to the promoter sequence of mirl72a and
positively regulate its expression. Thus, fruit ripening process is coordinated by
ripening inhibitors, miRNAs, and ethylene response elements (Gao et al. 2015)

3.3.5 Production of Seedless Fruits

Seedless fruits and vegetables are highly desirable in the market for fresh consump-
tion as well as for production of processed food (Molesini et al. 2012). Various fruit
characteristics also get improved through seedlessness, e.g., the absence of seed
formation in watermelon and cucumber increases yield and shelf life (Pandolfini
2009). Seedless fruits are generally produced through parthenocarpy, a naturally
occurring process which involves direct development of fruit from ovary without
pollination or fertilization (Gorguet et al. 2005). It can also be artificially induced by
disrupting the genes involved in the process of seed set and seed formation. The
complex process of seed formation is temporally and spatially mediated by phyto-
hormones. Generally, seedless fruits obtained through mutation and phytohormone
alteration methods are generally found to bear pleiotropic effects such as reduced
fruit size, effect on its taste, etc. (Varoquaux et al. 2000; Wang et al. 2005). Therefore,
more efficient methods are now employed for generation of parthenocarpic fruits.
RNAi-mediated downregulation of chalcone synthase, first gene in flavonoid bio-
synthesis, leads to development of parthenocarpy in tomato (Schijlen et al. 2007).
Recent study showed that suppression of flavonol synthase through RNAi induced
seedlessness in tobacco (Nicotiana tabacum cv Xanthi) (Mahajan et al. 2011).
Flavonol synthase involved in formation of flavonols in flavonoid biosynthesis path-
way is required for seed formation. Similarly, silencing of auxin-responsive element
(ARF7) in tomato through RNAi causes seedlessness (De Jong et al. 2009).
Parthenocarpy can also be induced through miRNA-mediated regulation of target
genes. For example, miRNA167 regulates expression of auxin-responsive element
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(ARF8) and alteration in the expression of ARFS§ through aberrant expression of
miRNA-induced parthenocarpy in both Arabidopsis and tomato (Molesini et al.
2009). Besides phytohormones, protein synthesis genes have also been utilized for
generation of parthenocarpic fruits in tomato. Silencing of protein synthesis gene
AUCSIA caused seedlessness in tomato through uncoupling of fruit formation with
fertilization (Molesini et al. 2009). Thus, RNAi approach provides a good alterna-
tive to achieve parthenocarpy or seedlessness in fruits.

3.3.6 Modification of Flower Color

Various attributes of flower contribute to million dollar ornamental industry world-
wide. Flower color is one of them, which is governed by combination of different
pigments such as flavonoids, carotenoids, and betalains (He et al. 2013). These
pigments also act as attractant to pollinators and protect the plants from harmful
UV rays (He et al. 2013). RNAi-mediated genetic manipulation of pigment biosyn-
thetic pathways offers a new platform for development of commercially valuable
color pattern in flowers. Temporal and spatial regulation of gene expression in a
highly specific manner through RNAi can induce desirable variation in flower
color. Anthocyanins are the most prominent flavonoids, responsible for orange to
red and purple to blue color in flowers. Anthocyanins are derived from a branch of
flavonoid biosynthesis pathway. The first step in anthocyanin is mediated by chal-
cone synthase enzyme (CHS). Silencing of anthocyanin biosynthetic genes can be
manifested into diverse flower colors. For example, downregulation of three antho-
cyanin biosynthetic genes — chalcone synthase (CHS), anthocyanidin synthase
(ANS), and flavonoid 3’ 5'-hydroxylase (F 3’ 5" H) — through RNAI induced vari-
able color patterns in Gentiana spp. (Nakatsuka et al. 2008). RNAi-CHS plants
showed pure white to pale-blue color petals, and RNAi-ANS plants exhibited only
pale-blue color, whereas RNAI plants expressing dSRNA of F 3’ 5" H gene devel-
oped magenta flowers. The involvement of these genes at different steps in antho-
cyanin biosynthetic pathway is found to be responsible for observed variation in
color patterns in three different gentian RNAI plants. Later, the same group demon-
strated that more variation in flower color can be introduced by suppressing the
target genes together. Silencing of anthocyanin biosynthesis gene 3’-aromatic acyl-
transferase (5/3" AT) and F 3’ 5" H through chimeric RNAi produced variable col-
ors in gentian flower ranging from liliac to pale blue (Nakatsuka et al. 2010).
Downregulation of these enzymes caused accumulation of blue color dolphin dine
pigment in flowers. Similarly, silencing of CHS gene in Tricyrtis sp., a monocoty-
ledon plant by RNAi-induced alternation in flower color in sepals (Kamiishi et al.
2012). RNAI can also be used in combination of other techniques for improvement
and change in color. For example, He et al. (2013) produced blue-colored
Chrysanthemum flowers through RNAi-mediated silencing of F3’H and overex-
pression of the exogenous Senecio cruentus F 3" 5" H gene. Thus, commercial
value of ornamental plant can be increased through production of desirable color
variation in flowers using RNAi approach.
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3.3.7 Development of Male Sterile Lines

Hybrids are contributing significantly to meet the future demand for increasing food
worldwide. Hybridization leads to production of offsprings with superior
characteristics in comparison to their parents, the process known as hybrid vigor or
heterosis. Male sterility in female and its restoration in future generations is a
prerequisite to produce hybrids in self-pollination plants. Male sterility is a naturally
occurring phenomenon in some of the cross-pollinating plants such as grasses and
safflower (Duvick 1999). To widen the scope for production of hybrid seeds in self-
pollinating plants, male sterility can be artificially induced through various
conventional and genetic engineering methods. RNAi-mediated suppression of
genes involved in tapetum and pollen development was found to be more effective
in producing male sterility (Nawaz-ul-Rehman et al. 2007; Tehseen et al. 2010;
Sinha and Rajam 2013). Tapetum is a layer in the microsporangium which provides
nutrition to the developing pollen grains. RNAi-mediated silencing of TA29, an
anther-specific gene involved in pollen development in tobacco, resulted in male
sterility (Nawaz-ul-Rehman et al. 2007). Similarly downregulation of another
anther-specific gene Bcpl arrested the pollen development and induced male
sterility in A. thaliana. The male sterile RNALI lines were found to be phenotypically
normal and produced viable seeds when restored through cross-fertilization with
male-fertile plants. Bep 1 expressed during diploid tapetum and haploid microspore
development and, thus, inhibition of its expression affected the pollen development
adversely (Tehseen et al. 2010). S-adenosyl methionine decarboxylase (SAMDC) is
a key enzyme in polyamine biosynthesis, required during pollen maturation and
germination (Sinha and Rajam 2013). Thus, expression of chimeric (SAMDC)
dsRNA under the control of tapetum-specific A9 promoter caused simultaneous
silencing of three SAMDC isoforms in tapetum tissue, which resulted in formation
of male sterile SAMDC-RNAI lines without affecting their female fertility.

MicroRNA-mediated regulation of male sterility has been reported in various
plant species such as cotton (Yang et al. 2013; Wei et al. 2013; Yang et al. 2016),
citrus (Fang et al. 2014), and radish (Zhang et al. 2016). For example, rsa-miR159a
regulates the expression of transcription factor required during anther and pollen
development. High expression of ras-mirl59a decreases the expression of MYB101
TF and, thus, induces male sterility through inhibition of normal pollen development
in radish plants (Zhang et al. 2016). Yang et al. (2016) observed differential
expression of 49 conserved and 51 novel miRNAs during male sterility in cotton.
Hence, RNAi-mediated silencing of various genes involved in pollen development
opens a new door for production of hybrid seeds in various plant systems.

3.3.8 Production of Secondary Metabolites

Plant secondary metabolites are major sources of pigments, fragrances, drugs, food
additives, and pesticides. It is estimated that 70-80% of worldwide population
fulfill their primary health requirements from the herbal medicines obtained from
the plant secondary metabolites (Canter et al. 2005). Complex array of genes is
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responsible for synthesis of secondary metabolites. RNAi is recognized as an
effective strategy for manipulation of secondary metabolites (Borgio 2009).
Replacement of morphine with non-narcotic alkaloid reticuline in opium poppy
(Papaver somniferum) presented a best example of metabolic engineering through
RNAI. Allen et al. (2004) were the first to report RNAi-mediated silencing of mul-
tiple genes involved in different steps of a complex biochemical pathway. They
designed hpRNA construct which caused simultaneous downregulation of all mem-
bers of codeine reductase (COR) gene family. Silencing of COR gene family caused
accumulation of (S)-reticuline, a non-narcotic alkaloid precursor in transgenic
plants at the expense of morphine, codeine, and opium. Cassava (Manihot escu-
lenta) is the third largest source of carbohydrates and major staple food in tropical
countries. Presence of cyanogenic glucosides compound in cassava makes it unsuit-
able for food consumption at large scale. Silencing of cytochrome P450 through
RNAI reduced the cyanogenic glucoside to a significant level in leaves as well as in
tubers (Jgrgensen et al. 2005). Potato (Solanum tuberosum L.) tubers have emerged
as efficient bioreactors for production of recombinant human therapeutic glycopro-
teins. RNAi technology has been employed in inhibition of endogenous patatin
expression at transcriptional and translational level. The developed potato tubers
showed high accumulation of heterologous patatin glycoprotein, which has fastened
the purification of recombinant protein (Kim et al. 2008).

Caffeine is a stimulant for the central nervous, respiratory, and circulatory sys-
tem. It also gives protection against type 2 diabetes, Parkinson’s disease, and liver
disorders. However, high consumption of caffeine causes insomnia, restlessness,
and palpitations. Decaffeinated coffee (DECAF) occupy only 10% of the world
coffee market. Suppression of CaMXMT1 (7-N-methylxanthine methyltransferase
or theobromine synthase) by the RNAI resulted in reduction of caffeine content up
to 70% in the silenced transgenic plant (Ogita et al. 2003). Similarly, low caffeine
producing tea was generated through downregulation of caffeine synthase gene
(CS) without affecting its stimulating property (Mohanpuria et al. 2011).

3.3.9 Removal of Allergens from Food Crops

Consumption of allergens containing food causes various health problems in
humans, which even cannot be cured with the use of existing therapies. Allergens
are naturally occurring compounds found in various food crops, capable of
producing allergic response even if consumed in small quantities. Besides, they also
cause hindrance in extraction of pure desirable products. Elimination of these
unwanted compounds from plants is a costly and cumbersome process, requiring
various chemical reactions and engineering processes, which reduces the nutritional
value of food materials. RNAi has emerged as a powerful technology for removal of
allergens through the alteration in their biosynthetic pathway or biochemical
responses. It helps to enhance the edibility and food quality of crop plants without
affecting their physiological processes. Major apple (Malus domestica) contains a
pathogen-related protein PR10 allergens Mal d 1 which induce IgE-mediated
hypersensitive response in organisms. Expression of Mal dl dsRNA sequence
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reduces the expression of endogenous gene in developed RNAIi apple plants and
lowered the allergic response upon consumption (Gilisen et al. 2005). Le et al.
(2006) provided a promising design for development of allergen-free tomato plants
through RNAI. They identified a novel allergen Lyce3 in tomato which encodes a
hydrophilic, non-specific lipid transfer protein (ns-LTP). Specific downregulation
of Lyce3 gene through RNAI resulted in suppression of Lyce 3 accumulation in
tomato. Further, potential of allergens was tested with histamine test for the
developed RNAI tomato plants. RNAi tomato plants showed reduced allergenicity
and, thus, increased the edibility of tomato to allergen-sensitive population (Le et al.
2006). Consumption of heavy metals even in low concentration produces irreversible
damaging effect on various physiological processes in human. Rice can accumulate
cadmium (Cd) to a significant level in its seeds due to the presence of phytochelatin
synthase (PCS) genes. RNAi-mediated suppression of phytochelatin synthase
(OsPCS1) gene reduced the accumulation of Cd in rice (Li et al. 2007). Thus,
accumulation of heavy metals in rice seeds can be regulated through RNAi even
when plants are grown in heavy metal-polluted soil. Tearless onion can be generated
through RNAi-mediated suppression of tear-inducing lachrymatory factor synthases
gene (LFS). LES is responsible for production of tear-inducing lachrymatory factor,
Propanethial S-oxidase (LF), from 1-propenyle sulfenic acid. Inhibition of LFS
resulted in generation of tearless onion due to low production of LF (Eady et al.
2008). RNAIi can also be employed for removal of neurotoxic and carcinogenic
compounds from food crops. Consumption of neurotoxin found in chickpeas causes
lathyrism, a severe paralytic neurotoxic disease. RNAi-mediated downregulation of
BOAA (B-N-oxalylamino-L-alanine) neurotoxin lowered its concentration in crop
plants to alevel, which is found safe for consumption. The production of carcinogenic
compound in tobacco can also be minimized through RNAi-mediated silencing of
nicotine demethylase gene (DM). DM is responsible for production of carcinogenic
precursor from nicotine (Lewis et al. 2008). Cotton is a major cash crop, known for
its fibers and oil worldwide. The cotton seeds are rich in proteins and calories, but
they largely remain unutilized due to the presence of high amount of gossypol
terpenoid. Gossypol is found in all parts of cotton plant and provides protection
against herbivores. Downregulation of gossypol synthesis gene (8-Cadinene
synthase) in tissue-specific manner resulted in development of gossypol-free
transgenic seeds, without affecting its expression in other parts of the plant
(Sunilkumar et al. 2006). Even, ultralow gossypol-containing cotton seeds (ULGCS)
can be produced by tight regulation of gossypol biosynthetic 5-Cadinene synthase
gene through RNAI (Rathore et al. 2012).

3.3.10 Change in Plant Architecture

Plant architecture controls several important agronomic traits in plants. For exam-
ple, plant height, pattern of shoot branching, plant morphology, inflorescence,
crop yield, and resistance to environmental stresses (Khush 2001; Camp 2005;



3 RNA Interference: A Promising Approach for Crop Improvement 55

Wang and Li 2006). Plant architecture can also be modified in order to minimize
the negative effects of climate change on crop productivity. For example, plants
are grown in drought and nutrient-deficient soil by manipulating its root architec-
ture for maximum absorption of water and nutrients (de Dorlodot et al. 2007).
Understanding of molecular basis of plant architecture has served as platforms for
RNAi-mediated alternation in plant architecture (Wang and Li 2008). Shorter
plants with erect leaf architecture were produced through RNAi-mediated silenc-
ing of OsDWARF4 gene in rice (Feldmann 2006). RNAi-mediated downregulation
of ornithine decarboxylase (ODC) gene, which is a key gene involved in poly-
amine biosynthesis resulted in significant physiological and morphological
changes including reduced leaf size, decreased abiotic stress tolerance, delayed
flowering, and early onset of senescence in tobacco (Choubey and Rajam 2017).
Increase in biomass was observed in RNAi plants due to increase in rate of photo-
synthesis in lower erect leaves. Biofuel production can be enhanced through low
lignin content in plant material. Lignin makes the plant material recalcitrant for
conversion to ethanol. Low lignin-containing plants can be produced through
downregulation of lignin biosynthetic gens by RNAi. For instance, RNAi-mediated
downregulation of lignin-associated genes such as Cinnamate-4-hydroxylase, shi-
kimate hydroxycinnamoyl transferase, and 4-coumarate-CoA ligase reduced the
lignin content and increased its accessibility to cellulose to degradation (Hisano
et al. 2009). RNAI technology is used to enhance the crop yield by manipulating
the plant architecture. Taller rice variety QX1 was converted to semi-dwarf variety
through RNAi-mediated suppression of GA 20-oxidase (OsGA200x2) gene.
The developed transgenic rice exhibited high yield due to the significant increase
in panicle length, number of seeds per panicle, and weight of individual seeds
(Qiao et al. 2007).

Plant architecture has been found to be regulated by miRNAs. The manipulation
of miRNA expression directly or indirectly affected the plant architecture, biomass
accumulation, and yield (Chuck et al. 2011; Wang et al. 2012; Rubinelli et al. 2013).
Corngrassl (Cgl) miRNA that belongs to the mirl56 family regulates vegetative
growth and flowering in plants. Overexpression of Cgl miRNA caused prolongation
of vegetative phase and delay in flowering time in maize (Chuck et al. 2011).
Similarly, phenotype was also observed when Cgl was overexpressed in other plant
species, for example, overexpressing CglmiRNA in Populus plants showed
significant shortening of internode length, increase in the growth of axillary
meristem, and ~30% reduction in stem lignin content as compared to the
untransformed control (Rubinelli et al. 2013). The miRNA-mediated manipulation
of plant architecture enhanced the grain yield in rice (Jiao et al. 2010; Miura et al.
2010; Wang et al. 2012). Osa-miR156 regulates the expression of OsSPLI4
(squamosa promoter-binding protein-like 14) and is found to have positive effects
on plant architecture and yield in rice (Jiao et al. 2010; Miura et al. 2010).
Overexpression of Osa-miR397 elevated grain production up to 25% in RNAI rice
plants due to increase in panicle branching and grain size. Osa-miR397 downregulates
a brassinosteroid-sensitive gene OsLAC (coding for a laccase-like protein) and,
thus, directs the energy toward the growth of plants. Since miR397 is found to be
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highly conserved across different plant species, similar strategy can be used in other
crops for increasing grain yield (Zhang et al. 2013). Thus, RNAIi technology has a
wide utility in manipulating the plant architecture for high yield, increase in
biomass, flowering, and removal of undesirable phenotypes. Rose plant can be
easily modified for its thorn characteristic or the plant architecture in mulberry, and
tea plants can be manipulated for easy plucking of leaves.

3.4 Conclusions and Future Prospects

The main challenge for agriculture in the twenty-first century is to provide food
security for existing and expanding population. Besides, malnutrition is also a major
problem faced by people in developing countries. To ensure supply of balanced food
to the world, it is necessary to develop biofortified staple food, vegetables, and
fruits, enriched in essential compounds and elements such as fatty acids, vitamins,
amino acids, and micro- or macronutrients. Increase in resistance toward the present
technology, changing environment, increasing population, and pollution have put a
high pressure on the existing natural resources for high crop productivity. The
development of crop varieties resistant to pathogens and pests and tolerant to
changing environmental conditions such as high temperature, drought, flood,
oxidative stresses, high salt concentration, and heavy metal-polluted soil can be a
blow for world food security, malnutrition, and famine problems. RNAi-based
technology has proven its potential in development of crop varieties resistant to
biotic and abiotic stresses. Besides, RNAi is creating a milestone in genetic
manipulation of crop varieties for highly recommended agronomic traits. Crops
have been engineered through RNAi for novel and commercially important
agronomic traits including decaffeinated tea, coffee, nicotine-free tobacco, allergen-
free cereals, low glutelin-containing wheat, healthy fatty acid-enriched oil crops,
blue rose, browning-free apple, tear-free onion, easily packageable tomato, etc.
Additionally, RNAi has been employed to remove carcinogenic, neurotoxin, and
mycotoxin compounds from food crops. Most of the RNAi-based studies involve a
single-gene silencing for the improvement of useful traits in crops. However,
silencing of more than one gene can be achieved through chimeric RNAi constructs,
which will be useful for improvement of several traits in crop plants simultaneously
(Gupta et al. 2013; Sinha and Rajam 2013; Yogindran and Rajam 2015). RNAi-
mediated crop improvement strategies hold a tremendous potential for enhancement
of desirable traits and eradication of undesirable traits in crop plants (Fig. 3.3).
RNAi-mediated strategies are the most preferred and powerful alternative for
crop improvement as compared to the existing approaches. It uses the existing
conserved machinery for sequence-specific silencing at posttranscriptional level.
So, there is no extra load on plant for production of effective proteins, and even,
there are fewer chances of allergic responses. RNAi effector molecules can tolerate
mutation without affecting the silencing efficiency; thus, it is very unlikely that the
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Fig. 3.3 Applications of RNAI for crop improvement

target pest or pathogen would gain resistance. However, RNA-based technology can
result in off-target effects in the same or different plants and development of unde-
sirable pleiotropic effects because of sequence homology. Therefore, RNAi-based
transgenic approach should be planned in such a way that no or minimal off-target
and pleiotropic effects will arise. For example, an in-depth in silico analysis should
be performed before selecting the target gene sequence for preparation of hairpin
RNAI construct. The applications of RNAi technology should move from lab to
field and from model plant to crop plants (Jagtap et al. 2011; Katoch and Thakur
2013; Koch and Kogel 2014; Saurabh et al. 2014; Kamthan et al. 2015). In the near
future, RNAi-mediated crop improvement programs in combination with other
technologies will change the food security parameter across the world and improve
the way of life.
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