Concepts and Strategies in Plant Sciences
Series Editor: Chittaranjan Kole

Guiliang Tang -
Sachin Teotia

Xiaoging Tang

Deepali Singh Editors

RNA-Based
Technologies
for Functional
Genomics in
Plants

@ Springer



Concepts and Strategies in Plant Sciences

Series Editor

Chittaranjan Kole, Raja Ramanna Fellow, Government of India, I[CAR-National
Institute for Plant Biotechnology, Pusa, Delhi, India



This book series highlights the spectacular advances in the concepts, techniques and
tools in various areas of plant science. Individual volumes may cover topics like
genome editing, phenotyping, molecular pharming, bioremediation, miRNA, fast-
track breeding, crop evolution, IPR and farmers’ rights, to name just a few. The
books will demonstrate how advanced strategies in plant science can be utilized to
develop and improve agriculture, ecology and the environment. The series will be
of interest to students, scientists and professionals working in the fields of plant
genetics, genomics, breeding, biotechnology, and in the related disciplines of plant
production, improvement and protection.

Interested in editing a volume? Please contact Prof. Chittaranjan Kole, Series
Editor, at ckoleorg@gmail.com

More information about this series at http://www.springer.com/series/16076


mailto:ckoleorg@gmail.com
http://www.springer.com/series/16076

Guiliang Tang - Sachin Teotia - Xiaoqing Tang -
Deepali Singh
Editors

RNA-Based Technologies
for Functional Genomics
in Plants

@ Springer



Editors

Guiliang Tang

Department of Biological Sciences
Michigan Technological University
Houghton, MI, USA

Xiaoqing Tang

Department of Biological Sciences
Michigan Technological University
Houghton, MI, USA

Sachin Teotia

Department of Biotechnology
Sharda University

Greater Noida, Uttar Pradesh, India

Deepali Singh

School of Biotechnology

Gautam Buddha University

Greater Noida, Uttar Pradesh, India

ISSN 2662-3188 ISSN 2662-3196  (electronic)
Concepts and Strategies in Plant Sciences

ISBN 978-3-030-64993-7 ISBN 978-3-030-64994-4 (eBook)
https://doi.org/10.1007/978-3-030-64994-4

© Springer Nature Switzerland AG 2021

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-64994-4

Preface

Genome sequencing has revealed gene sequences of many plant species. Such
genes, which also include non-coding ones, require functional interrogation for their
underlying biological relevance and applications in crop trait improvement. Reverse
genetics for functional genomics was fostered by high-throughput sequencing
followed by the large-scale annotation of genes. After gene identification, func-
tional characterization is mainly achieved by the creation of various gain- or loss-
of-function mutants in plants. While the gain of gene function in plants is achieved
through the expression of target genes driven by strong promoters such as cauliflower
mosaic virus (CaMV) 358, loss of gene function is commonly induced by ethane
methyl sulfonate (EMS) mutagenesis or by T-DNA/transposon insertions which lead
to mutated/truncated proteins with attenuated or null functions. All these approaches
create mutations in non-specific manner and the desired target mutant will need to
be fished from the pool of large mutant population.

More recent technologies are aimed at specific gene targeting to induce loss-of-
function. Loss-of-function can be achieved by targeting either the DNA or RNA
of a specific gene for alteration or silencing. To target a specific DNA (gene)
in the genome, technologies such as zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENSs), meganucleases, and the clustered regu-
larly interspaced short palindromic repeats (CRISPR)/CRISPR-associated nuclease
(Cas) (CRISPR/Cas) system have been developed. ZFNs, TALENs, and meganucle-
ases require complicated protein engineering before altering genes of interest. By
contrast, CRISPR/Cas is an RNA-based DNA cleavage technology, making its appli-
cation as simple as RNAi but more directional, effective, and diverse than traditional
methods for creating genetic mutants.

Targeting the RNA of a given gene for silencing involves the use of RNA inter-
ference (RNAI), a great discovery in silencing genes post-transcriptionally. Over
the years RNAI technology has undergone many developments, extending from a
hairpin structure with inverted repeats to artificial miRNAs (amiRNAs). RNAi/small
RNA-based gene silencing is widely used as a popular means to study gene function
because it can target specific genes of known sequences to decipher their functions
for the first time in a non-random manner. It can lead to gene silencing at either the
transcriptional (target DNA methylation) or post-transcriptional levels (target RNA
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vi Preface

cleavage or translational repression). In the genomics era, when the genomes of
many plant and animal species have been sequenced, RNAi/small RNA-based gene
silencing is extremely useful and has become a powerful approach to functional
genomics, especially when genetic mutants are unavailable or not feasible.

Small RNAs, including miRNAs and small interfering RNAs (siRNAs), have
emerged as key players in gene regulation during growth and development, in epige-
netics, and in responses to various abiotic and biotic stresses by negatively regulating
gene expression at the post-transcriptional level. Hundreds to thousands of miRNAs
have been identified from different plant species. Functional genomics of these small
RNA genes in the genome has become a new subject for technology development in
plants and animals. Because of their small size, traditional technologies are not easily
applicable to the study of small RNA function. Several specific technologies for func-
tional genomics of small RNAs have been developed, such as miRNA target mimicry
(TM) and short tandem target mimic (STTM) These technologies are powerful in
inactivating small RNAs at the post-transcriptional level. Similarly, amiRNAs have
been successfully used to downregulate target mRNAs and even miRNAs. Artifi-
cial/synthetic trans-acting siRNAs (atasiRNAs/syn-tasiRNAs) can also be used as an
alternative to induce specific gene silencing in plants. It is feasible that CRISPR/Cas
tool can be used to knock out multiple miRNAs or miRNA families by guide RNA
(gRNA) multiplexing, as has been carried out for targeting multiple coding genes.

This book discusses key RNA-based technologies for functional genomics of
plant coding and non-coding genes, using target mimics, RNAi, amiRNAs, and
CRISPR/Cas approaches. This book focuses on how these RNA-based technolo-
gies have been developed, applied, and validated as essential technologies in plant
functional genomics. These techniques will enable the users to functionally char-
acterize genes and small RNAs through silencing, overexpression, and/or editing.
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Chapter 1 )
Artificial Small RNAs for Functional Geda
Genomics in Plants

Adriana E. Cisneros, Ainhoa de la Torre-Montaiia, Tamara Martin-Garcia,
and Alberto Carbonell

Abstract RNA interference (RNAi) is based on the sequence-specific degrada-
tion of target RNAs by highly complementary small RNAs (sRNAs), which can
be engineered to selectively target genes of interest. In plants, artificial microRNAs
(amiRNAs) and artificial/synthetic trans-acting small interfering RNAs (atasi/syn-
tasiRNAs) are the two main classes of artificial small RNAs (art-sSRNAs). Art-sRNAs
are refined, highly specific, selective, and potent RNAI tool that has been extensively
used in gene function studies and for crop improvement. Here we describe the biogen-
esis and function of art-sRNAs, and how they are designed and used to study the
function of plant genes.

Keywords Artificial small RNA - Functional genomics - Plants - RNA silencing -
Artificial microRNA - Artificial tasiRNA - Synthetic tasiRNA

1.1 Introduction

In the current genomic era, the use of high-throughput sequencing technologies has
allowed the identification of the genes of a large number of organisms, including
model and crop plants (Parinov and Sundaresan 2000; Morozova and Marra 2008).
In this context, one of the main challenges of modern plant biology is the character-
ization of the function of the genes of relevant plant species. Typically, once a gene
has been identified, its functional characterization is assessed by the generation of
either gain- or loss-of-function mutant plants with enhanced or reduced/null gene
activity, respectively (Kuromori et al. 2009). Historically, gain-of-function mutants
have been generated mainly through the transgenic overexpression of the target gene
using potent constitutive promoters such as Cauliflower mosaic virus (CaMV) 35S
(Weigel et al. 2000), while loss-of-function mutants have been obtained through
ethane methyl sulfonate (EMS) mutagenesis (Kim et al. 2006) or by T-DNA insertion
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(Azpiroz-Leehan and Feldmann 1997). All these approaches have been extensively
used for decades, despite their randomness in the gene targeting process.

In recent years, efforts have seeked to develop technologies for more controlled
and efficient gene targeting, mainly to generate loss-of-function mutant plants.
Indeed, a plethora of tools for targeting either the DNA or the RNA of a given
gene have been developed and applied successfully to plants in gene function studies.
DNA targeting tools include technologies such as zinc-finger nucleases (ZFNs), tran-
scription activator-like effector nucleases (TALENSs), meganucleases, and the clus-
tered regularly interspaced short palindromic repeats [CRISPR/CRISPR-associated
nuclease 9 (Cas9) system] (Teotia et al. 2016). RNA targeting tools have exploited
endogenous sRNA-directed silencing pathways controlling gene expression, stress
responses, and genome integrity. Classic RNA interference (RNAi) technologies
such as virus-induced gene silencing (VIGS) or hairpin-based silencing rely on the
expression of double-stranded RNA (dsRNA) or dsRNA-like precursors including
sequences corresponding to the target transcript to trigger small interfering RNA
(siRNA) production to silence complementary target sequences (Ossowski et al.
2008; Baykal and Zhang 2010). Despite their massive use, these strategies are not
considered highly specific as the large populations of siRNAs generated from dsRNA
precursors might accidentally target cellular transcripts with high sequence comple-
mentarity to that of certain siRNAs. More recently, a series of more refined “second-
generation RNAi” strategies with high specificity have been developed and applied
successfully in gene function studies and crop improvement (Carbonell 2017a). These
strategies are based on the expression of plant artificial SRNAs (art-sRNAs). Here,
we describe what art-sRNAs are, and how they are designed, produced, and used in
gene function studies in plants.

1.2 Artificial SRNAs (Art-sRNAs)

Art-sRNAs are 21-nucleotide SRNAs designed to selectively target one or several
RNAs with high specificity and efficacy, by exploiting endogenous SRNA pathways.
The two main classes of plant art-sRNAs are described next.

1.2.1 Artificial microRNAs (amiRNAs)

In plants, microRNAs (miRNAs) arise from miRNA transcripts with imperfect self-
complementary foldback structures transcribed from endogenous MIRNA genes
(Fig. 1.1a). These miRNA foldbacks are processed by DICER-LIKE1 (DCLI1) to
generate miRNA duplexes. One of the strands of the duplex, the miRNA guide
strand, is selectively loaded into a protein of the ARGONAUTE (AGO) family based
on the identity of the 5’ nucleotide of the SRNA and/or other sequence and structural
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Fig. 1.1 Endogenous and artificial miRNA pathways in plants. Left, endogenous miRNA pathway.
A MIRNA gene is represented in black with native miRNA/miRNA* sequences in dark and light
orange, respectively. Right, the amiRNA pathway. An amiRNA transgene is introduced into plants,
and includes exogenous promoter and terminator sequences (gold arrow and box, respectively),
and the sequence of a plant miRNA precursor (in black) in which the original miRNA/miRNA*
sequences have been substituted by the amiRNA/amiRNA* sequences (in dark and light blue,
respectively). The transgene expresses an amiRNA primary transcript which is processed into an
amiRNA foldback. A rationale amiRNA design requires that the amiRNA foldback preserves the
original secondary structure of the endogenous precursor, and that the amiRNA guide strand contains
a 5’U nucleotide to favor its association with AGO1 to silence highly complementary transcripts

Target RNA

An
Target RNA
Ar

features of the SRNA duplex and the AGO (Takeda et al. 2008; Mi et al. 2008; Mont-
gomery et al. 2008a; Zhu et al. 2011; Zhang et al. 2014b), while the other strand
(the star *) is usually degraded. The miRNA guides the AGO to bind and silence
highly sequence complementary RNAs either by direct slicing or by repressing their
translation (Fig. 1.1a) (Bologna and Voinnet 2014; Carbonell 2017b).

Artificial miRNAs (amiRNAs) are typically expressed in planta from transgenes
including a miRNA precursor in which the original miRNA/miRNA* sequences have
been substituted by the amiRNA/amiRNA* sequences (Fig. 1.1b). The amiRNA
transgene is transcribed into a primary transcript that follows the canonical miRNA
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biogenesis pathway. Importantly, amiRNAs are designed to contain a 5’ U that
favors AGO1 loading and subsequent silencing of cognate transcripts (Fig. 1.1b)
(Carbonell 2017a). Typically, amiRNAs have been used to target a single target tran-
script, although other methodologies for co-expressing multiple amiRNAs from a
single construct have also been reported. These include the expression of multiple
amiRNAs from different precursors in tandem (Kung et al. 2012; Liang et al. 2012;
Zhang et al. 2018a) or polycistronic precursors (Fahim et al. 2012; Kis et al. 2016).

1.2.2 Artificial/Synthetic Trans-Acting Small Interfering
RNAs (atasi/syn-tasiRNAs)

Trans-acting siRNAs (tasiRNAs) are a particular subclass of plant SRNAs that arise
from transcripts of TAS genes in Arabidopsis thaliana. The biogenesis pathway
of endogenous tasiRNA is initiated by the cleavage of a TAS transcript by a
miRNA/AGO complex, which triggers the recruitment of RNA-DEPENDENT RNA
POLYMERASEG6 (RDR6) to synthesize dsSRNA from one of the cleavage products
(Fig. 1.2a) (Allen et al. 2005; Rajagopalan et al. 2006). The dsRNA is sequentially
processed by DCL4 into 21 nucleotide (nt) tasiRNA duplexes in register with the
miRNA-guided cleavage site (Yoshikawa et al. 2005; Montgomery et al. 2008b). As
for miRNAs, the guide strand is selectively loaded into an AGO protein to direct
the silencing of highly sequence complementary RNAs (Fig. 1.2a) (Yoshikawa et al.
2005; Deng et al. 2018).

Artificial/synthetic tasiRNAs (atasiRNAs/syn-tasiRNAs) are produced in plants
expressing a transgene containing a TAS precursor in which a subset of the native
tasiRNA sequences has been substituted by several syn-tasiRNA sequences in tandem
(Fig. 1.2b) (Zhang 2014; Carbonell 2017a). The atasiRNA/syn-tasiRNA transgene
is transcribed into a primary transcript that follows the canonical tasiRNA biogen-
esis pathway. AtasiRNAs/syn-tasiRNAs, as described for amiRNAs, are designed to
contain a 5” U to favor association with AGO1 and lead to the silencing of one or
multiple highly sequence complementary transcripts (Fig. 1.2b) (Carbonell 2017a).
Typically, syn-tasiRNA constructs are used to co-express multiple syn-tasiRNAs
targeting different sites in the same transcript (de la Luz Gutierrez-Nava et al. 2008)
or transcripts from different genes (Carbonell et al. 2014, 2019a, b; Chen et al. 2016;
Carbonell and Daros 2017).
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Fig. 1.2 Endogenous and artificial/synthetic tasiRNA pathways in plants. a The tasiRNA pathway.
b The artificial/synthetic tasiRNA pathway. An atasiRNA/syn-tasiRNA transgene, containing a
plant TAS precursor in which a subset of the original tasiRNA sequences has been substituted
by several syn-tasiRNA sequences in tandem, is introduced into plants to express a syn-tasiRNA
primary transcript. An endogenous miRNA cleaves this primary transcript, a process that triggers the
recruitment of RDR6 complexes to synthesize a dsSRNA from one of the cleavage products. DCL4
processes the dsRNA into phased tasiRNA duplexes in 21 nt register with the miRNA cleavage site.
Syn-tasiRNA guide strands with a 5°U are incorporated into AGO1 to direct specific silencing of
sequence unrelated target transcripts at one or multiple sites

Ay

1.3 Design, Production, and Validation of Art-sRNA
Constructs

Despite the extensive use of art-sRNAs during the last decade, the design, production,
and validation of art-sSRNA constructs for plants has been a tedious process until very
recently. The development of a series of high-throughput methodologies to generate
art-sRNA constructs in a time- and cost-effective manner allows the efficient use of
these tools in gene functional studies.
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1.3.1 Design of Plant Art-sRNAs

Plant art-sRNAs are designed to be highly effective and highly specific with the
help of automated web tools such as WMD3 (from Web MicroRNA Designer 3,
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) (Ossowski et al. 2008), amiRNA
Designer (http://www.cs.put.poznan.pl/arybarczyk/AmiRNA) (Mickiewicz et al.
2016), micro RNA Designer (http://www.smallrna.mtu.edu/Tang_Website/submit.
htm), and P-SAMS (from Plant Small RNA Maker Suite, http://p-sams.carringto
nlab.org/) (Fahlgren et al. 2016). To account for high efficacy, these tools generally
design art-sRNAs with extensive sequence complementarity with the target RNA.
Despite the rules governing productive sSRNA/target RNA interactions are not fully
understood, it is well known that (i) the degree of silencing induced by an art-
sRNA positively correlates with the degree of base-pairing between the SRNA and
the target RNA (Liu et al. 2014), and (ii) mismatches included in the sSRNA “seed
region” (nucleotides 2—14) drastically decrease the activity of the SRNA (Schwab
et al. 2006; Fahlgren and Carrington 2010). In any case, the efficacy of a given art-
sRNA is difficult to predict, as the in vivo accessibility of target sites can be limited if
they form highly structured conformations or if they are occupied by RNA-binding
proteins. To account for high specificity, design tools assess the specificity of each
art-sRNA in a given plant species by analyzing all possible base-pairing interactions
between the candidate art-sSRNA and the complete set of cellular transcripts of this
species. Thus, the transcriptome of this particular species must be available, and,
ideally, well-annotated.

To date, P-SAMS is the only web tool allowing for the design of the two classes
of plant art-sSRNAs: amiRNAs and atasiRNAs/syn-tasiRNAs, through its P-SAMS
amiRNA Designer and P-SAMS Syn-tasiRNA Designer applications, respectively
(Fahlgren et al. 2016). Briefly, P-SAMS has a user-friendly interface combined with a
wizard-assisted navigation through simple questions that the user answers during the
design process. An FAQ page addresses usual questions and contains video tutorials
describing the different types of designs. Job times for designs are relatively short
compared to other tools. For example, typical median job time for single-targeting
amiRNA design is approximately 3 min. Results are displayed on-screen and include
the sequence of up to three “optimal” art-sSRNA and/or up to three “suboptimal” art-
sRNAs if off-targets are predicted or not, respectively, as well as the sequence of the
two oligonucleotides required for cloning into compatible “b/c” vectors (see section
below). If the off-target filtering is activated, P-SAMS starts by cataloguing all target
sites not containing a 15 nucleotide sequence from positions 6-20 perfectly matching
a transcript not included in the input set. Then, an art-sRNA with the following
sequence features is designed to target each target site from the input transcript: (i)
the art-sRNA contains a 5°U nucleotide that favors AGO1 association, (ii) position
19 of the art-sRNA is a C to generate a star strand with an AGO-non preferred 5°G,
and (iii) position 21 of the art-sRNA does not base-pair with the target transcript to
reduce chances of triggering transitivity.



http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
http://www.cs.put.poznan.pl/arybarczyk/AmiRNA
http://www.smallrna.mtu.edu/Tang_Website/submit.htm
http://p-sams.carringtonlab.org/
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1.3.2 Generation of Art-sRNA Constructs

To generate an art-sRNA construct, a DNA fragment corresponding to the amiRNA
insert has to be introduced in a plasmid including the plant precursor sequence flanked
by regulatory promoter and terminator sequences. The selection of an appropriate
art-sRNA precursor to clone and express the art-sRNA is a critical step, as it will
actually influence both the cloning procedure and the in vivo activity of the art-sSRNA.
Moreover, it is recommended to use an evolutionary conserved precursor that most
likely will be accurately processed in a large number of plant species (Carbonell
2017a).

Regarding the cloning, the generation of art-sSRNA constructs can be a tedious
process of several days. For example, classic methodologies for amiRNA cloning
involved a large number of steps such as various PCRs, gel purifications, restriction
and ligation reactions, subcloning, etc. (Schwab et al. 2006; Warthmann et al. 2008;
Molnar et al. 2009). One of the reasons is that some of the amiRNA precursors
used were excessively long, and thus not well adapted for an easy cloning. More
recent technologies have been developed for high-throughput cloning of art-sRNAs
mainly by reducing the number of steps during cloning (Chen et al. 2009; Yan et al.
2011, 2012; Carbonell et al. 2014; Hu et al. 2014; Li et al. 2014b; Luo et al. 2018,;
Carbonell 2019a). For example, the Ath-MIR390a and Osa-MIR390 precursors from
the well-conserved MIR390 family were selected to clone and express amiRNAs
in eudicot and monocot species, respectively, due to their short size compared to
other miRNA precursors, that facilitated the synthesis and cloning of the amiRNA
insert in zero-background cloning/expression “B/c” vectors containing a modified
version of the MIR390 precursor interrupted by a ccdB cassette flanked by two
inverted Bsal sites (Carbonell et al. 2014, 2015). AmiRNA inserts are obtained by
annealing two partially complementary and overlapping oligonucleotides containing
the amiRNA/stem-loop/amiRNA* region, and present 4 nucleotide 5’ overhangs
compatible with those resulting from the Bsal digestion of the “B/c” vector. AmiRNA
inserts are directly cloned into “B/c” vectors in a 5 min digestion—ligation reac-
tion in the presence of Bsal and T4 DNA ligase (for a detailed description see
[Carbonell 2019a]). A similar strategy was developed for generating atasi/syn-
tasiRNA constructs (Carbonell et al. 2014; Carbonell 2019a). The development
of these types of high-throughput methodologies to generate art-sRNA constructs
should definitely facilitate the use of the art-sRNA technology in functional genomics
studies.

1.3.3 In Vivo Validation of Art-sRNA Constructs

Despite a thorough web tool-assisted design and subsequent cloning into a well-
established expression vector, the correct activity of a given art-sRNA construct
cannot be taken for granted. A first step to validate in vivo an art-sSRNA construct
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is to check that the art-sSRNA accumulates in planta as a single SRNA species of
the correct size. This can be evaluated by combining Northern blot hybridization
with deep sequencing analysis (Carbonell et al. 2014, 2015). The accuracy of the
processing of the art-sSRNA precursor typically results in the accumulation of the
art-sRNA as a single species in Northern blot analysis, and in the overrepresenta-
tion in sSRNA libraries of reads corresponding to the art-sRNA compared to reads
mapping to other precursor positions. In the case of syn-tasiRNA constructs including
multiplexed syn-tasiRNAs, sSRNA libraries are used to confirm the correct phasing
of syn-tasiRNAs (Carbonell et al. 2014). Indeed, a rapid assessment of in vivo art-
sRNA accumulation can be done by transiently expressing the art-sSRNA construct
in Nicotiana benthamiana leaves (Yu and Pilot 2014).

The second validation step is to assess the art-SRNA efficacy in silencing its
corresponding target(s). Ideally, the efficacy of the art-sSRNA can be inferred visually
if target silencing leads to an obvious phenotype, which may be quantitative. If not,
target gene silencing can be analyzed by measuring target RNA levels by quantitative
RT-PCR, and art-sRNA cleavage sites are mapped by 5 RLM-RACE (Schwab et al.
2006). Alternatively, genome-wide transcriptome profiling through RNA sequencing
can be used both to quantify target RNA accumulation and art-sRNA specificity
(Carbonell et al. 2015). Very recently, degradome analysis has also served to check
sRNA specificity (Singh et al. 2019), although through an MiRNA-Induced Gene
Silencing (MIGS) strategy (Felippes et al. 2012), where the specificity of generated
siRNAs is not controlled (Carbonell 2019b). In any case, it is important to consider
that art-sSRNA constructs can be easily screened and validated in N. benthamiana
transient assays to select the most effective for stable expression in transgenic plants
(Yu and Pilot 2014; Carbonell et al. 2019a, b). Alternatively, amiRNA efficacy can
be assessed in epitope-tagged protein-based amiRNA (ETPamiR) screens, where
target transcript encoding epitope-tagged proteins are co-expressed with amiRNA
candidates in protoplasts (Li et al. 2013, 2014a).

1.4 Examples of Art-SRNAs Used in Gene Function Studies
in Plants

Art-sRNAs, mainly amiRNAs, have been extensively used to silence genes in a
wide range of plant species, from model plants to ornamentals and crops. A list of
the precursors successfully used to express art-sSRNAs in different plant species is
presented in Table 1.1.

Despite art-sRNAs have been widely used for crop improvement, including the
generation of antiviral resistance, a major use of this technology has focused on
silencing plant genes in order to study their function. Here, we will describe just a few
representative examples on how art-sRNAs can accelerate gene function discovery.
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Table 1.1 Examples of uses of artificial SRNA precursors in plants

Artificial SRNA | Plant Species Common name | Precursor used References
amiRNA Arabidopsis Thale cress Ath-MIR15%9a Niu et al. (2006)
thaliana Ath-MIR159b Eamens et al.
Ath-MIR164a (2011)
Ath-MIR169d Alvarez et al.
Ath-MIR171a (2006)
Ath-MIR172a Liu et al. (2010)
Ath-MIR319a Qu et al. (2007)
Ath-MIR390a Schwab et al.
Ath-MIR395a (2006)
Schwab et al.
(2006)
Montgomery
et al. (2008a)
Liang et al.
(2012)
Brachypodium Purple false Osa-MIR390-AtL | Carbonell et al.
distachyon brome Osa-MIR528 (2015)
Smertenko et al.
(2020)
Catharanthus Madagascar Ath-MIR319a Lietal. (2013)
roseus periwinkle
Chlamydomonas | Green algae Cre-MIR1157 Molnar et al.
reinhardtii Cre-MIRI1162 (2009)
Zhao et al. (2009)
Corchorus Jute mallow Ath-MIR319a Shafrin et al.
olitorius (2015)
Fragaria Vesca Strawberry Fve-MIR166 Lietal. (2019)
Glycine max Soybean Ath-MIR319a Melito et al.
(2010)
Helianthus Sunflower Ath-MIR319a Lietal. (2013)
annuus
Hordeum vulgare | Barley Hvu-MIRI171 Kis et al. (2016)
Lemna minor Duckweed Lgi-MIR166a Canto-Pastor
et al. (2015)
Malus domestica | Apple Mdo-MIR156h Charrier et al.
(2019)
Medicago sativa | Alfalfa Ath-MIR319a Verdonk and
Sulllivan (2013)

(continued)



10
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Artificial SRNA | Plant Species Common name | Precursor used References
Nicotiana - Ath-MIR15%9a Mitter et al.
benthamiana Ath-MIR319a (2016)
Ath-MIR390a Liet al. (2013)
Ghb-MIR169a Montgomery
Hvu-MIR171 et al. (2008a)

Vvi-MIR166f
Vvi-MIR319e

Ali et al. (2013)
Kis et al. (2016)

Roumi et al.
(2012)
Castro et al.
(2016)
Nicotiana Tobacco Ath-MIR15%9a Mitter et al.
tabacum Ath-MIR164b (2016)
Ath-MIR319a Alvarez et al.
Sly-MIR159 (2006)
Sly-MIR168a Vu et al. (2013)
Vu et al. (2013)
Vuet al. (2013)
Marchantia Liverwort Mpo-MIR160 Flores-Sandoval
polymorpha etal. (2016)
Medicago Barrelclover Mtr-MIR159b Devers et al.
truncatula (2013)
Oryza sativa Rice Osa-MIR528 Warthmann et al.
(2008)
Petunia hybrida Garden petunia | Ath-MIR319a Guo et al. (2014)
Phaeodactylum Marine diatom | Ath-MIR319a Kaur and Spillane
tricornutum (2015)
Physcomitrella Spreading Ath-MIR319a Khraiwesh et al.
patens earthmoss (2008)
Populus Poplar Ptc-MIR408 Shi et al. (2010)
trichocarpa
Solanum Tomato Ath-MIR159a Zhang et al.
lycopersicum Ath-MIR164a (2011)
Ath-MIR319a Alvarez et al.
Ath-MIR390a (2006)
Sly-MIR159 Fernandez et al.
Sly-MIR168a (2009)
Carbonell et al.
(2019a)
Vu et al. (2013)
Vu et al. (2013)
Solanum Eggplant Ath-MIR319a Toppino et al.
melongena (2011)

(continued)
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Table 1.1 (continued)

Artificial SRNA | Plant Species Common name | Precursor used References

Solanum Potato Ath-MIR168a Bhagwat et al.

tuberosum Ath-MIR319a (2013)

Wyrzykowska
et al. (2016)
Viitis vinifera Grape Ath-MIR319a Jelly et al. (2012)
Triticum aestivum | Wheat Osa-MIR395 Fahim et al.
(2012)

Whitania Ashwagandha | Ath-MIR159a Singh et al.

somnifera (2016)

Zea mays Maize Ath-MIR319a Lietal. (2013)
atasiRNA/ Arabidopsis Thale cress Ath-TAS1a Felippes and
syn-tasiRNA thaliana Ath-TASIc Weigel (2009)

de la Luz
Gutierrez-Nava
et al. (2008)
Nicotiana - Ath-TASIc Montgomery
benthamiana Ath-TAS3a et al. (2008b)
Montgomery
et al. (2008a)

Solanum Tomato Ath-TASIc Carbonell et al.

lycopersicon (2019a)

1.4.1 Artificial MiRNAs

Besides their extensive biotechnological use in crop improvement (Kamthan et al.
2015), amiRNAs have been broadly used to silence plant genes in functional studies
in both model and crop plants (Sablok et al. 2011; Tiwari et al. 2014) (see Table 1.2).

1.4.1.1 Silencing of Coding Genes

A major problem to assign gene functions in plants is the presence of large gene
families, which cause functional genetic redundancies and partial or complete func-
tional overlap among closely related genes, as observed in the Arabidopsis genome
(2000). Indeed, this may be the reason for the absence of visible phenotypes in single
mutants. In this scenario, and because amiRNAs can target both single and multiple
gene family members, amiRNA-based tools for screening the functionally redun-
dant gene space were developed. First, a computationally derived library of 22,000
genome-wide family-specific amiRNAs was synthesized in multiple sub-libraries,
each targeting defined functional protein classes (Hauser et al. 2013). For example,
this amiRNA collection was used to encover novel morphological seed germina-
tion mutants for amiRNAs targeting zinc-finger homeodomain transcription factors
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Artificial Small RNAs for Functional Genomics in Plants
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(Hauser et al. 2013), and more recently, to generate a seed resource for screening
functional redundant genes and isolation of new mutants impaired in carbon dioxide
and abscisic acid (Hauser et al. 2019). Another effort to simplify the analysis of
gene function between gene families was the generation of a collection of amiRNAs
targeting groups of paralogs encoding transcription factors by Jover-Gil and collab-
orators (Jover-Gil et al. 2014). In this case, 338 amiRNA-expressing Arabidopsis
lines were generated, each of which expressed an amiRNA designed to simultane-
ously inactivate a set of two to six paralogous transcription factors. This collection
was used to identify 21 amiRNAs causing vegetative leaf morphological phenotypes
(Jover-Gil et al. 2014).

In the previous examples, amiRNA-expressing lines were obtained by introducing
an amiRNA transgene into the plant genome. However, besides the standard expres-
sion of amiRNAs in plants through transgenes, aMIRNA precursors have also been
successfully expressed from several plant DNA viruses through the so-called MIR-
VIGS approach. Because viruses move throughout the plant, amiRNAs were also
expressed systemically and silencing effects were visible in all those tissues the virus
could invade. In all cases, plant DNA viruses used in MIR-VIGS belong to the genus
Begomovirus, family Geminiviridae, and include Cabbage leaf curl virus (CaLCuV)
(Tang et al. 2010), Cotton leaf crumple virus (CLCrV) (Gu et al. 2014), and the viral
satellite DNA vector of Tomato yellow leaf curl China virus (TYLCCNYV) (Ju et al.
2017). Although these vectors have been used mainly to silence endogenous reporter
genes, they may constitute a useful tool for functional genomics in plants.

Finally, a recent report by Zhang and colleagues has offered new improvements in
the amiRNA technology aimed to increase the levels of amiRNA-induced silencing
(Zhang et al. 2018a). First, the authors developed a system in which the amiRNA
was embedded into a portable intron within a fluorescent reporter. The basis of this
system is that both the fluorescent reporter and amiRNA are produced from the same
transcript, and thus the fluorescent reporter serves as a visible surrogate for checking
amiRNA efficacy in vivo. And second, efficient multiplexing of several amiRNAs in
the same construct was achieved by adding various amiRNA precursors in tandem,
each of which was flanked by tRNA-processing sites.

1.4.1.2 Silencing of Non-coding Genes

AmiRNAs have also been used to silence endogenous MIRNA genes, to study the
function of new miRNAs or to differentiate the function of individual members
of a MIRNA family. Eamens and co-workers first reported the use of amiRNAs in
Arabidopsis to target one or multiple miRNA family members, by targeting the
mature miRNA or precursor stem—loop sequence, respectively (Eamens et al. 2011).
Interestingly, these results suggest that SRNA-guided cleavage function could occur
not only in the cytoplasm but also in the nucleus, thus providing new insights in
the mechanisms of sSRNA-mediated silencing. In another study, also in Arabidopsis,
silencing of endogenous MIR408 by amiRNAs caused impaired plant growth and
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highlighted the importance of miR408 accumulation level for proper plant vegetative
development (Zhang and Li 2013).

1.4.2 Artificial/Synthetic tasiRNAs

AtasiRNAs/syn-tasiRNAs have been used to study gene function and improve crops
(Zhang 2014). They were first employed a decade ago to study the biogenesis of
tasiRNAs from 7AS transcripts in Arabidopsis (de la Luz Gutierrez-Nava et al.
2008). In most cases, expressed atasi/syn-tasiRNAs targeted genes with visible
loss-of-function phenotypes such as PHYTOENE DESATURASE (PDS), GREEN
FLUORESCENT PROTEIN (GFP), or CHLORINA42 (CH42). Seminal findings
included the observation that (i) AGO1-miR173 complexes initiate phased siRNA
formation in plants (Montgomery et al. 2008b), (ii) miR390 associates exclusively
with AGO7, (iii) miR390-AGO7 complexes function in distinct cleavage or non-
cleavage modes at two target sites in TAS3a transcripts (Montgomery et al. 2008a),
and (iv) tasiRNAs have a greater range in cell nonautonomous movement compared
to miRNAs (de Felippes et al. 2011). A summary of representative examples of use
of atasi/syn-tasiRNA in gene function is shown in Table 1.3.

More recently, atasi/syn-tasiRNA tools have been used to confer enhanced
antiviral resistance (Chen et al. 2016; Carbonell and Daros 2017; Carbonell et al.
2019b), because the multitargeting of viral RNAs with multiple atasi/syn-tasiRNAs
from a single construct limits virus ability to mutate target sites and escape the
resistance (Carbonell et al. 2016, 2019a).

1.5 Concluding Remarks and Future Perspectives

Still in the genome editing era, art-sSRNA-based RNAI tools offer a variety of advan-
tages for functional genomic studies in order to dissect the function of any desired
gene or gene network. Art-sRNAs (i) are highly specific, (ii) allow the functional
study of genes whose complete knock-out is lethal, (iii) allow the study of genes in
a spatio-temporal manner, as target silencing can be induced at specific times and/or
at specific places by using inducible and/or tissue-specific promoters, respectively,
(iv) should allow the fine-tuned regulation of target transcript levels to generate an
allelic series for a knock-down gene, (v) can target duplicated genes (and gene fami-
lies), antisense transcripts or individual isoforms, and (vi) can be multiplexed in
single constructs for multisilencing. Moreover, the development of high-throughput
methodologies to generate art-sRNA constructs should definitely facilitate the use
of art-sRNA-based tools not only in gene function studies but also in obtaining next
generation crops.
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Table 1.3 Examples of uses of artificial/synthetic tasiRNAs to study gene function in plants

Plant species Target(s)? Gene function studied References
Arabidopsis thaliana Ath-CH42 Movement of silencing | de Felippes et al. (2011)
signal
TASIa-derived tasiRNA | Felippes and Weigel
biogenesis (2009)
TAS3-derived tasiRNA de Felippes et al. (2017)
biogenesis
Ath-FAD2 TAS1c-derived tasiRNA | de la Luz Gutierrez-Nava
biogenesis et al. (2008)
Ath-FT Modulation of flowering | Lopez-Dolz et al. (2020)
time
Ath-PDS TAS1c-derived tasiRNA | Montgomery et al. (2008b)
biogenesis
TAS2-derived tasiRNA Yoshikawa et al. (2013)
biogenesis
TAS3-derived tasiRNA Montgomery et al. (2008a)
biogenesis
Nicotiana benthamiana | Ath-PDS TAS1c-derived tasiRNA | Montgomery et al. (2008b)
biogenesis
AGO7 miRNA loading; | Montgomery et al. (2008a)
TAS3a-derived tasiRNA
biogenesis
Cme-ARF3 | Identification of melon Cervera-Seco et al. (2019)
TAS3 locus
GFP TAS1c-derived tasiRNA | Montgomery et al. (2008b)
biogenesis
Nbe-SU Chlorophyll synthesis Loépez-Dolz et al. (2020)

YARF3, AUXIN RESPONSE FACTOR3; CH42, CHLORINA42; FAD2, FATTY ACID

DESATURASE2; PDS, PHYTOENE DESATURASE; SU, SULPHUR
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Chapter 2 ®
Recent Advancements in MIGS Toward Guca i
Gene Silencing Studies in Plants

Debee Prasad Sahoo

Abstract In plants, RNA interference (RNA1) causes gene silencing in which small
RNAs (sRNAs) inhibit gene expression by causing sequence-specific degradation
of target transcripts. Several RNAi-based tools have been developed and optimized
to study gene function and trait improvements in plants. One recent strategy based
on miRNA-triggered secondary small interfering RNAs (siRNAs) through trans-
acting siRNA (tasiRNA) pathway has been developed for efficient gene silencing. In
plants, miRNA-mediated cleavage of noncoding 7AS RNAs triggers production of
tasiRNNAs which cause downregulation of one or more target genes. MiRNA-induced
gene silencing (MIGS) works on this module in which a single miRNA target site
fused with a target gene fragment in a vector triggers production of tasiRNAs and
subsequent target gene silencing in plant cells. This technology has been successfully
employed to silence one or more target genes to study their role in plant development
and stress response. It has gained much attention due to its ease of design and capacity
to silence multiple paralogous genes simultaneously. Further, MIGS vector designing
does not require whole genome information, making it suitable to be used in plant
species which lacks this information. This chapter summarizes recent progress in
MIGS and its application in gene function studies and trait improvements.

Keywords miRNA - MIGS - Gene silencing - tasiRNAs - phasiRNAs

2.1 Introduction

Since the discovery of plant small RNAs (sRNAs), RNA is at the center of plant
functional genomics studies (Morris and Mattick 2014) and has paved the way
for exploitation of sRNAs in deciphering gene function via gene silencing. In
plants, sSRNAs are produced from double-stranded RNA precursors by Dicer-like
(DCL) enzymes (Axtell 2013). Plant sSRNAs are mainly categorized into microRNAs
(miRNAs) and small interfering RNAs (siRNAs). The former gets excised from
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partially double-stranded regions of hairpin transcripts, whereas siRNAs originate
from perfectly complementary double-stranded RNAs (Yoshikawa 2013). After the
formation of miRNA and siRNA duplex, one strand of each duplex is loaded onto an
Argonaute (AGO) protein and a RNA-induced silencing complex (RISC) is formed
in association with other protein factors. These RISCs are guided by the AGO-bound
sRNAs to target complementary sequences and regulate target gene expression either
by transcriptional silencing and/or translational inhibition or degradation of transcript
(Wei et al. 2012; Voinnet 2009; Eamens et al. 2008).

In addition to this, miRNA and siRNA-directed cleavages produce sequence
templates to generate double-stranded RNA (dsRNA) by the action of RNA-
dependent RNA polymerases (RDRs), which are further processed by DCL enzymes
to generate secondary siRNAs (Schwab and Voinnet 2010; Baulcombe 2007; Voinnet
2008). Some secondary siRNAs, generated from the end of dsSRNA, originate from
an AGO-catalyzed cleaved RNA at a miRNA target site are 21-nt phased siRNAs
(phasiRNAs) (Axtell 2013; Rajeswaran et al. 2012). PhasiRNAs which are able to
repress different target loci other than the loci of their origin are known as trans-acting
siRNAs (tasiRNAs) (Axtell 2013).

In Arabidopsis, four gene families encoding trans-acting siRNA (tasiRNA) precur-
sors (TAS) have been identified (Fei et al. 2013). TAS1, TAS2, and TAS4 precursors
are targeted by 22-nt asymmetric miRNAs/AGO1 complex by one-hit mechanism
to generate tasiRNAs in Arabidopsis and related species, whereas TAS3 precursors
generate tasiRNAs triggered by 21-nt symmetric miR390/AGO7 complex by two-hit
mechanism (Cuperus et al. 2011; Axtell et al. 2006).

Based on miRNA-triggered secondary siRNA biogenesis, three different classes of
silencing tools have been developed—(i) artificial synthetic tasiRNA (atasiRNA/syn-
tasiRNA), (ii) miRNA-induced gene silencing (MIGS), and (iii) artificial miRNA
(amiRNA). These tools have been extensively used to induce gene silencing in plants
(Carbonell 2019). MIGS has an advantage over other techniques due to its ease of
design (de Felippes et al. 2012; de Felippes 2013) and capacity to silence multiple
genes, simultaneously. Current chapter describes MIGS as an effective gene silencing
technology and recent advancements in gene silencing studies in plants, employing
this strategy.

2.2 Biogenesis of MicroRNA-Triggered Secondary siRNAs

The tasiRNA pathway involves two different mechanisms, named as the “one-hit”
and “two-hit” models (Fei et al. 2013). In the one-hit model, a 22-nt asymmetric
miRNA directs cleavage of a tasiRNA precursor transcript by AGO1 (Fig. 2.1). Then,
RDRG6 along with a suppressor of gene silencing 3 (SGS3) catalyzes to synthesize
a complementary RNA strand to form dsRNA molecule from the 3’ end of the
cleaved product. Finally, endonuclease DCL4 cleaves the dsSRNA every 21 nt from
the first cleavage point to generate a population of secondary siRNAs (Yoshikawa
et al. 2005). It has been reported that very few 22-nt asymmetric miRNAs trigger
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Fig. 2.1 Biogenesis of miRNA-triggered secondary siRNAs. In “one-hit” model, TAS transcript is
targeted and cleaved by 22-nt miRNA/AGO1 complex whereas in “two-hit” model TAS transcript is
targeted by two numbers of 21-nt miRNA/AGO7 complex and cleaved by miRNA/AGO7 complex
closer to 3’ end. Both the models recruit RDR6 and SGS3 for dsRNA synthesis and DCL4 for the
production of 21-nt tasiRNAs

tasiRNAs production (Chen et al. 2010; Cuperus et al. 2010). In the two-hit model, the
tasiRNA precursor transcript is targeted by two 21-nt miRNA390/AGO7 complexes
(Fig. 2.1). The miRNA-AGO cleaves the target transcript closer to the 3’ end whereas
the other target site remains intact. Then RDR6 and SSG3 act to form dsRNA from
the AGO-miRNA cleavage site to the site bound by other complex and finally DCL4
processes the dsRNA for 21-nt tasiRNAs that are phased with respect to the cleaved
end (Axtell et al. 2006). The produced tasiRNAs target specific complementary
RNAs in frans to degrade those targeted RNAs. Both one-hit and two-hit tasiRNA
pathways have been exploited to design different constructs to knockdown target
genes in plants.
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2.3 Gene Silencing Technologies Based on tasiRNA
Pathway

Based on tasiRNA pathway, atasiRNA/syn-tasiRNA approach was first developed to
study gene silencing. In this approach, the endogenous tasiRNAs in a TAS precursor is
substituted by a fragment containing one or more atasiRNAs/syn-tasiRNA sequences
(Carbonell 2019). When these constructs are transferred to plants, engineered tran-
scripts are cleaved by miRNA/AGO complex and one of the cleaved fragments
is converted to dsRNA, which is processed further into 21-nt phased tasiRNAs.
Then atasiRNA/syn-tasiRNA-guided strands are incorporated into AGO1 to induce
silencing of one or more transcripts (Carbonell 2019). Several attempts have been
made to efficiently knockdown one or multiple genes in gene function studies in
Arabidopsis (de la Luz Gutiérrez-Nava et al. 2008; Montgomery et al. 2008a, b;
Carbonell et al. 2014) by using this technology. The major advantage of this approach
is a possibility of producing several atasiRNAs from one TAS precursor, which can
target different target sequences at different locations (Carbonell et al. 2014). Another
advantage of this technique is less chance of off-targeting. But, to design atasiRNA
molecules to specifically downregulate certain genes, the entire genome information
is necessary to minimize the chances of unwanted silencing (Ossowski et al. 2008).

The artificial miRNA (amiRNA) constructs are prepared by incorporating
amiRNA and amiRNA* sequences in place of endogenous miRNA and miRNA*
in a miRNA precursor. Upon transformation into plants, amiRNAs of the desired
sequence get accumulated as a result of which the endogenous target transcripts
would get silenced (Schwab et al. 2006). This approach has demonstrated high
specificity and ability to silence multiple genes, however the constructs designing
needs multiple steps of PCR to replace mature miRNA in a precursor backbone
with amiRNA (Schwab et al. 2006; Ossowski et al. 2008). McHale et al. (2013)
have successfully used amiRNA approach to knockdown CHALCONE SYNTHASE
(CHS) in Arabidopsis.

Another approach based on tasiRNA pathway is termed as miRNA-induced gene
silencing (MIGS), which was firstly used in Arabidopsis by expressing a target gene
fused to an upstream miR 173 target sequence (de Felippes et al. 2012). When MIGS
constructs are introduced into plants, the miR173-mediated cleavage triggers the
synthesis of secondary siRNAs which promote silencing of related target genes.
MIGS can be used to knockdown multiple genes simultaneously by using a single
vector by linking of different gene fragments, each with one miRNA target site (de
Felippes et al. 2012). The major advantage of MIGS technology is that genome
information is not required to design the constructs to be used in different plant
species. But the risk of off-targeting is a major concern in employing this technology.
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2.4 MicroRNA-Induced Gene Silencing (MIGS) and Its
Advantages

Initially MIGS constructs were designed by taking miR 173 target site followed by the
target gene fused downstream of that (Fig. 2.2) (de Felippes et al. 2012). miR173, an
asymmetric 22-nt miRNA, is able to trigger production of tasiRNAs from the fused
transcript (Chen et al. 2010; Cuperus et al. 2010). The miR173/AGO1 complex
guides the cleavage of the transcript which triggers RDR6-dependent synthesis of
dsRNA and subsequent processing by DCL4 to release phased tasiRNAs. These
tasiRNAs target the endogenous genes for efficient silencing. Since miR173 is absent
in non-Arabidopsis species, so miR173 co-expression is required along with MIGS
transgenes to induce tasiRNA production (de Felippes et al. 2012).

. | miR173ts | Gene 1fragment | miR173ts | Gene 2fragment | Ter |
Construct
|Tf>|| mRi7a | | Ter |

| miR173ts | | mir173ts |

| !

[] ]
] 1]

MIGS primary transcript

]

ta-siRNAs

]

Endogenous Targets

Degradation [ [ ][] ) .

Fig. 2.2 A model MIGS construct and silencing mechanism. A MIGS construct can be prepared
by placing a miRNA target sequence (e.g., miR173ts) in front of a target gene fragment. Multiple
combinations can be used in a single cassette to downregulate multiple genes. Upon transformation
into plant cells, it undergoes to form a long transcript having miR173ts and complementary tran-
script to each gene fragment. Binding of miR173 to the miR173ts triggers production of tasiRNAs
and subsequent silencing of endogenous complementary genes by tasiRNAs. Pro (promoter), Ter
(terminator)
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Other 22-nt miRNAs like miR1514a.2 have also been reported to trigger tasiRNA
production in soybean and the MIGS constructs have efficiently demonstrated to
knockdown target genes in soybean (Jacobs et al. 2016). MiR390 which triggers
production of tasiRNAs by two-hit model from TAS3 transcripts has also been used
to prepare MIGS construct (Felippes and Weigel 2009). Since miR390 associates
only with AGO7, miR390-based MIGS would be limited to AGO7 expression site,
that is only in the vascular system (Montgomery et al. 2008b).

MIGS has major advantages over other technologies due to its easiness of design
(de Felippes et al. 2012; de Felippes 2013). With one-step PCR, one target gene can
be fused downstream of a miRNA target site which can trigger tasiRNA production.
MIGS is very much effective in co-silencing multiple genes through a single vector
construct by linking different target fragments, each with one miRNA target site,
thus saving time. Sequence similarity between different target genes is not necessary
since specific MIGS module is generated for each target separately (de Felippes
et al. 2012). Since this technology does not require genome-wide data, it can be used
in gene silencing studies of plant species which lacks this information (de Felippes
2019). The predictable pattern of produced siRNAs and specific expression profiles of
miRNA triggers add extra level of control in MIGS compared to other gene silencing
technologies (Jacobs et al. 2016).

2.5 Gene Silencing Studies in Plants Using MIGS

For the first time de Fellipes successfully employed MIGS to induce gene silencing
of four Arabidopsis genes (AGAMOUS, EARLY FLOWERING 3, FLOWERING
LOCUS T, LEAFY) in A. thaliana (de Felippes et al. 2012). Using MIGS tech-
nology Benstein et al. (2013) efficiently silenced Arabidopsis phosphoglycerate
dehydrogenasel (PGDH1) to study its role in Phosphoserine pathway, which has
an important function in plant development. Using MIGS2.1 vector, silencing was
successfully induced in C-terminally encoding proteinl (CEPI) gene in Medicago
trancatula, which plays a major role in root development (Imin et al. 2013). To char-
acterize the role of Phosphoserine Aminotransferasel (PSAT1) in serine biosynthesis
pathway and its role in plant growth, Wulfert and Krueger (2018) used MIGS tech-
nology to downregulate AtPSAT gene and obtained strong growth inhibition in both
shoots and roots of PSATI-silenced lines. Starch composition of rice was altered by
silencing granular-bound starch synthase (GBSS) gene by using MIGS which effec-
tively reduced amylose content in rice endosperm (Zheng et al. 2018). The authors
also compared silencing efficiency of different MIGS constructs and found that the
silencing efficiency was related to the selection of MIGS interfering target sites and
specificity of the target genes. The target sites with high sequence homology found
to be more efficient in interfering certain genes (Zheng et al. 2018). To study the role
of microProteins in flowering behavior, Graeff et al. (2016) successfully reduced the
expression levels of microProteins miPla and miP1b using MIGS in Arabidopsis
thaliana. In petunia, MIGS efficiently induced gene silencing of chalone synthase
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(CHS) and phytone desaturase (PDS) and resulted in albino plants (Han et al. 2015).
The authors carried out deep sequencing and concluded that processing of miRNA
precursor in petunia is different from Arabidopsis. Zhao et al. (2015) demonstrated
antiviral resistance in Nicotiana benthamiana targeting 3’ noncoding region or capsid
protein-coding region of Plum pox virus (PPV) RNA by producing siRNAs through
MIGS. MIGS was successfully employed to achieve viral resistance in tobacco and
tomato by downregulating two RNAi suppressor proteins, AC2 and AC4, of gemi-
nivirus Tomato leaf curl New Delhi virus (ToOLCNDV) (Singh et al. 2015). The
authors used miR390-based MIGS vector to achieve silencing of target genes.

Jacobs et al. (2016) identified nine tasiRNA loci in soybean and experimentally
validated corresponding targets by silencing a transgenic GFP gene and two endoge-
nous genes by developing transgenic hairy roots and plants. The authors demonstrated
the use of another 22nt-miRNA, miR1514 in constructing MIGS vectors. MIGS trig-
gered by miR1514a.2 was successfully tested by silencing nodulation factor receptor
kinase 1o (NFR) and putative cytochrome P450 CYP51Gl1 in soybean hairy roots
and whole plants (Jacobs et al. 2016) (Table 2.1).

Table 2.1 Application of MIGS in gene silencing studies of model and crop plants

miRNA trigger Plant species Targets? References
miR173 Arabidopsis thaliana CH42 Felippes and Weigel
(2009)
AG, ELF3, FT, LFY de Felippes et al. (2012)
PGDH1 Benstein et al. (2013)
miPla, miP1b Graeff et al. (2016)
PSAT1 Waulfert and Krueger
(2018)
Medicago truncatula CEP1 Imin et al. (2013)
Nicotiana benthamiana PPV Zhao et al. (2015)
Petunia hybrida CHS, PDS Han et al. (2015)
Oryza sativa GBSS, LAZY1, PDS, Zheng et al. (2018)
ROC5
miR390 Arabidopsis thaliana CH42 Felippes and Weigel
(2009)
Nicotiana tabacum ToLCNDYV, ToLCGV Singh et al. (2015)
Solanum lycopersicum
miR1514a.2 Glycine max NFR1a, P450 CYP51G1 | Jacobs et al. (2016)

2 Abbreviations: CH42, CHLORINA 42; AG, AGAMOUS; ELF3, EARLY FLOWERING 3; FT,
FLOWERING LOCUS T, LFY, LEAFY; PGDH1, PHOSPHOGLYCERATE DEHYDROGENASE 1,
miP1a, microProtein 1a; miP1b, microProtein 1b; PSAT1, PHOSPHOSERINE AMINOTRANSFERASE
1; CEP1, C-TERMINALLY ENCODED PEPTIDE 1; PPV, Plum pox virus; CHS, CHALCONE
SYNTHASE; PDS, PHYTOENE DESATURASE; GBSS, GRANULE BOUND STARCH SYNTHASE
1; LAZY1, shoot gravitropism gene; ROCS, RICE OUTERMOST CELL-SPECIFIC 5; ToLCNDV,
Tomato leaf curl New Delhi virus; TOLCGV, Tomato leaf curl Gujarat virus; NFR1a, NODULATION
FACTOR KINASE 1a; P450 CYP51G1, putative cytochrome P450 CYP51Gl1
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2.6 Limitations of MIGS and Steps to Overcome
the Limitations

There is some risk of off-targeting associated with MIGS. All the population of
siRNAs produced from MIGS construct is capable of silencing targeted sequences.
There is a possibility that the non-intended targets which share sequence similarities
may get silenced (de Felippes 2019). And also, few tasiRNAs derived from MIGS
load into AGO1 and others either load to different AGOs or get degraded (Carbonell
2019).

In case of MIGS, the tasiRNAs form in a phased manner due to miRNA-triggered
cleavage and are highly predictable (Allen et al. 2005; Montgomery et al. 2008b;
de Felippes 2013; Felippes and Weigel 2009). The formation of phased tasiRNAs
can be predicted by bioinformatics softwares like pssRNAMINER, tasiRNAdb, and
SoMART, which could be used for minimizing off-target gene silencing (Pandey
et al. 2015). The use of endogenous miRNAs in MIGS vector construction is also
useful to minimize the off-target effects of exogenous miRNA expression (Jacobs
et al. 2016).

Like other silencing tools, a variety of siRNAs are produced from the template
dsRNA. To choose gene specificity in MIGS, the gene fragments selected, should
share little sequence similarity and in that case selecting untranslated regions (UTRs),
among related homologs, is a better choice (Wesley et al. 2001). Also, small gene
fragments will be ideal for MIGS, ensuring predictability of phased tasiRNAs
(Montgomery et al. 2008b; Felippes and Weigel 2009).

2.7 Conclusions

Nowadays genome editing like CRISPR/Cas9 has been widely used to mutagenize
or edit gene sequence in plants (Belhaj et al. 2015; Rinaldo and Ayliffe 2015) to
generate gene knock-out lines. But gene silencing technologies, used for gene func-
tion studies, are much simpler to use. Complete knock-out of a gene, as in the
case of CRISPR/Cas9, may be lethal to plants, and cannot be recovered, but gene
silencing technologies allow incomplete gene knockdowns to study the function of
a gene. This technology allows tissue-specific gene silencing and also silencing of
multiple genes. Furthermore, the technologies can be improved by overcoming the
limitations and possible applications in plant functional genomics studies. With the
advancement of plant genomics, comparative studies can be performed and with the
availability of different computer programs, potential effective siRNAs and dsRNAs
can be designed and analyzed to minimize off-target effects (Naito and Ui-Tei 2012;
Naito et al. 2005).

MIGS is a miRNA-mediated RNA interference technology which has emerged
recently. It has gained importance due to its simple construction steps, high specificity
and efficiency in gene silencing. The ability to effectively silence multiple unrelated
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genes using a single vector is an added advantage. Still it needs to be refined in
terms to reduce off-targeting of the genes. The role and molecular mechanisms of
recently identified phasiRNAs in different plant species needs to be explored. A
deeper understanding of miRNA-triggered tasiRNA biogenesis, mode of action, and
targeting efficacy is needed for better use of this technology in gene silencing studies
and crop improvement.
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Chapter 3 )
Target Mimic and Short Tandem Target e
Mimic Technologies for Deciphering

Functions of miRNAs in Plants

Jun Yan, Jie Li, and Hengyan Zou

Abstract MicroRNAs (miRNAs) are central players in the regulation of gene
expression at post-transcriptional level and are involved in numerous biological
processes in both plants and animals. However, deciphering the function of a miRNA
family, based on generation and characterization of miRNA mutants, has been diffi-
cult because of their small sizes and multiple functionally redundant members. The
recently developed approaches termed Target Mimic (TM) and Short Tandem Target
Mimic (STTM) overcome these barriers and can destroy specific miRNA function
effectively. These methods have become a key tool in investigating miRNAs func-
tions. In this chapter, we will introduce the development of TM and STTM, and the
construction of STTM and its application in plants.

Keywords miRNA + Small RNA - Target mimic * Short tandem target mimic

3.1 Introduction

MicroRNAs (miRNAs) are small regulatory non-coding RNA molecules that play
important roles in various biological processes (Ghildiyal and Zamore 2009). Plant
miRNAs bind to target sites and negatively regulate gene expression by directing
target mRNAs to undergo cleavage or translational inhibition (Baulcombe 2004).
Since the first plant miRNA was discovered, more than 7000 mature miRNAs have
been identified in different plant species in the past twenty years. The number of
plant miRNAs is still expanding, with the help of high-throughput deep sequencing
techniques (Kozomara and Griffiths-Jones 2011). Studies on the function of miRNAs
have improved our understanding of their essential roles in gene regulatory networks.
However, owing to their small size and functional redundancy, functional anal-
ysis of specific miRNA families has relied on the generation of transgenic lines
expressing miRNA-resistant target genes or overexpressing miRNA encoding genes
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rather than the generation of miRNA genetic mutants (Baker et al. 2005; Mallory
et al. 2005; Terentyev et al. 2009; Zhu et al. 2009; Zhang et al. 2011). Because
miRNA usually modulates several target genes, using such approaches may produce
misleading results. The ideal approach for deciphering miRNA function would be
simultaneously silencing all members of a miRNA family. Invention of such tools
will greatly facilitate the miRNA research field. In this chapter, we will introduce
the tools commonly used to silence miRNAs-Target Mimic (TM) and Short Tandem
Target Mimic (STTM) technologies, with a focus on STTM (Fig. 3.1; Table 3.1).
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Fig. 3.1 Comparison of TM and STTM structures. A TM construct consists of one target mimic
and STTM consists of two target mimics separated by a spacer of 48—88 nt
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Table 3.1 A summary of STTM, along with examples, to investigate miRNA functions in plants

Targeted miRNA(s) Species References
miR399 Citrus Wang et al. (2020)
miR319a Populus tomentosa Fan et al. (2020)
miR1917 Tomato Yang et al. (2020)
miR6443 Populus tomentosa Fan et al. (2020)

Nbe-miR1919¢-5p

Tobacco

Du et al. (2020)

miR1150.3, miR1166.1

Chlamydomonas reinhardtii

Sun et al. (2020)

miR165/166

Tomato

Zhao et al. (2020)

miR861

Arabidopsis

Zhu et al. (2020)

miR171, miR390

Wild tomato (S. habrochaites);
Arabidopsis

Hou et al. (2019)

miR1916 Tomato Chen et al. (2019)
milR-1, milR-7 Metarhizium robertsii Wang et al. (2019)
AF-milR-4, AF-milR-7 Aspergillus flavus

miR160, miR165/166, double | Arabidopsis Yang et al. (2019)
mutant

miR482/2118 family Tomato Canto-Pastor et al. (2019)
miR171 Tomato Kravchik et al. (2019)
miR143-5p Melanocyte Qi et al. (2019)
miR164d, miR396b Cucumber Wang et al. (2019)
miR160, miR164, miR166, Rice Liet al. (2019)
miR167, miR169, miR319,

miR396, miR398, miR444,

miR7695

miR390 Poplar He et al. (2018)
miR1507a, miR1507c, Soybean Bao et al. (2018)
miR482a, miR168a,

miR1515a

miR166 Rice Zhang et al. (2018)
miR508 Alpaca Liu et al. (2018)
miR482b Tomato Jiang et al. (2018)
miR472a Poplar Su et al. (2018)
miR396 Medicago Proust et al. (2018)
miR9678 Wheat Guo et al. (2018)

miR156/157, miR160,
miR165/166, miR167,
miR171, miR319, miR159,
miR319/159, miR172

Arabidopsis, tomato, rice, and
maize

Peng et al. (2018)
Teotia and Tang (2017)

miR1514a

Bean

Sosa-Valencia et al. (2017)

miR159

Rice

Zhao et al. (2017)

(continued)
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Table 3.1 (continued)

Targeted miRNA(s) Species References

35 families including: Rice Zhang et al. (2017a)

miR398, miR172, miR156,

miR166, miR159, miR160,

miR171, miR441, miR1428

Md-156ab, Md-395 Apple Zhang et al. (2017b)

miR166 Rice Zhang et al. (2017a), Teotia
et al. (2017)

miR396 Tomato Cao et al. (2016)

miR165/166, miR159 Tobacoo Zhao et al. (2016)

miR 160 Tomato Damodharan et al. (2016)

miR160 Soybean Nizampatnam et al. (2015)

miR165/166 Arabidopsis and tomato Jia et al. (2015)

miR172, miR319; Tobacco and tomato Sha et al. (2014)

miR165/166

miR165/166 Cotton Gu et al. (2014)

miR9863 Barley Liu et al. (2014a, b)

3.2 TM and STTM

The discovery of an endogenous mechanism termed target mimic (TM) paved the
way for the invention of new tools to inhibit miRNA activity for further exploring
miRNA function. This regulatory mechanism is used by the non-protein-coding gene
INDUCED BY PHOSPHATE STARVATION 1 (IPS1) to regulate miR399 activity in
Arabidopsis thaliana (Franco-Zorrilla et al. 2007). miR399 is complementary to
its target PHOSPHATE 2 (PHO?2), but partially complementary to /PSI, forming
a central three-nucleotide bulge in the miR399/IPS1 duplex. This bulge can effec-
tively prevent the cleavage of IPSI RNA by miR399. Under phosphate starvation
conditions, both miR399 and /PS/ are induced, and /PS1 can sequester miR399 and
reduce its ability to modulate PHO?2. In this way, the miR399 mediated regulation
of PHO?Z is impacted by IPSI in response to phosphate starvation. Based on the
IPS1-derived structure, TMs have been designed to sequester miRNA families in
Arabidopsis (Todesco et al. 2010). These TMs are about 500 nt in length and contain
three central mismatches in the miRNA binding site (Fig. 3.1). TM technology has
been used by many researchers to uncover miRNA functions.

Short tandem target mimic (STTM) was developed based on TM and has advan-
tages over the IPS1-based method in uncovering miRNA function (Yan et al. 2012).
The STTM sequence contains two non-cleavable miRNA binding sites, which can
be used to target one specific miRNA or two different miRNAs. These two non-
cleaveable miRNA binding sites are linked by a spacer of 48-88 nt. STTM can
knockdown the expression of miRNA, likely through the induction of degradation
of miRNAs. STTM technology has been widely applied in different model plants
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and crops to reveal the important roles of miRNAs in regulating key agronomic traits
(Zhang et al. 2017a; Peng et al. 2018).

The TM is about 500 nt in length and contains three central mismatches in the
single miRNA binding site. The STTM has two non-cleavable miRNA binding sites
and a spacer of 48—88 nt.

3.3 Construction of STTM

3.3.1 Design of STTM Structure

The STTM construct has two copies of miRNA binding sites. Three additional
nucleotides (CTA) were introduced into each miRNA binding site between the 10th
and 11th nucleotides from the 5 end of the mature miRNAs. To target miRNAs, the
two non-cleavable miRNA binding sites were designed based on sequence compar-
ison. The two tandem miRNA binding sites can be identical or slightly different to
target the members of the same miRNA family. The two miRNA binding sites can
also be different to target members of two distinct miRNA families with different or
partially conserved mature miRNA sequences. Currently, due to the low efficiency of
STTM-triggered miRNA degradation with only one miRNA binding site, the STTM
technology is not recommended to target two distinct miRNAs from different miRNA
families. In some cases, the CTA introduced in the miRNA binding site is coinci-
dently complementary to the TAG sequence after the 10th nucleotide in the target
miRNA. In that case, to prevent the cleavage of miRNA binding site, a different
trinucleotide should be used to replace CTA. Between the two miRNA binding sites,
arelatively AT-rich spacer should be introduced to link the binding sites. The spacer
is 48-88 nt in length and able to form a stem-loop structure, which makes the STTM
more stable.

3.3.2 Promoter Selection

STTM structure can be driven by a variety of promoters. The choice of promoters
depends on the researcher’s particular purpose. For constitutive expression, a viral-
origin constitutive promoter, such as the cauliflower mosaic (CaMV) 35S promoter,
is commonly used. Some plant-origin constitutive promoters, such as the rice actin
promoter and maize ubiquitin promoter, are also routinely used. The STTM struc-
ture can also be linked to inducible promoters that are activated by environmental
conditions, chemicals, and hormones. The use of a tissue-specific promoter can allow
the expression of STTM in a specific tissue or specific developmental stage of plant
species. Endosperm-specific promoter has been used to express STTMs in rice seeds
(Peng et al. 2018).
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3.3.3 Plasmid Construction

A pOT2-Poly-Cis plasmid that contains a 2X35S promoter (d35S), 35S terminator
(T-35S), and a screening marker gene was used as a template for PCR amplification
(Yan et al. 2012; Tang et al. 2012). Primers designed for the generation of the pOT2-
STTM were composed of a 3’ part with full base pairing to bind to the vector to initiate
PCR extension, and a 5’ part that contained half of the STTM sequence (Fig. 3.2a). A
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Fig. 3.2 Construction of an STTM construct. a STTM transcript structure and the design of STTM
primers. For the STTM structure, the two miRNA binding sites are linked by 48—88 nt spacer.
For the STTM primers, blue indicates the 5'portion of the primer, which is complementary to
the stem region of the STTM structure; red indicates the middle portion of the primer, which is
complementary to the miRNA binding sites of the STTM structure; black indicates the 3’ portion
of the primer, which is complementary to the pOT2-Poly-Cis vector. b STTM PCR construction
strategy. This strategy mainly contains PCR amplification, digestion, and subsequent ligation steps
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Swal site protected by a three-nucleotide GCC was introduced at the far 5’ end of the
primer. The linear PCR products were digested with Swal enzyme and then subjected
to self-ligation to generate the pOT2-STTM (Fig. 3.2b), which was used as a template
for subsequent PCR amplification. A pair of origin deletion primers, which contain a
Pacl site at the far 5' end, was used for this PCR. The linear PCR products were then
subjected to Pacl digestion and subcloned into the modified binary vectors, such as
pCambial300-Pacl, pCambia2300-Pacl, and pFGC5941-Pacl, all of which contain
a Pacl site(A).

3.4 Application of STTM

By applying the STTM strategy to study miRNA function, STTMs can be expressed
in plant cells via different approaches, including stable transformation, virus-induced
gene silencing (Sha et al. 2014), and Agrobacterium-mediated transient expression
(Zhang et al. 2017b). The STTM approach has been previously applied to down-
regulate mature miRNA expression in several species, including model plants and
crops, and has proven to be an effective and powerful approach to investigate miRNA
function. For example, in Arabidopsis, various miRNA families have been success-
fully inactivated using STTM (Yan et al. 2012; Peng et al. 2018), thus generating
a useful resource for investigating the novel functions of miRNAs. Furthermore,
in rice, compared with the wild-type line, the expression levels of target miRNAs,
such as miR156, miR159, miR160, miR166, miR171, miR172, and miR398, can be
downregulated up to 100-fold in transgenic lines (Zhang et al. 2017a), whereas those
of miR156 can be downregulated approximately two-fold in the transgenic lines
containing MIM constructs (Wang et al. 2015). Silencing rice miRNAs using STTM
has uncovered both conserved and novel functions. Transgenerational stability is
critical for functional studies and crop improvement. The observed phenotypes of
transgenic STTM lines in Arabidopsis and rice have been demonstrated to be very
stable across generations (Yan et al. 2012; Zhang et al. 2017a). This property will
greatly facilitate future agronomic improvement. In addition to Arabidopsis and rice,
STTM has also been used to inactivate different miRNA families in other species.
For example, in tomato, silencing of miR482b using STTM revealed the functional
response of miR482b to Phytophthora infestans infection (Jiang et al. 2018). Further-
more, inactivation of wheat-specific miR9678 provided evidence that miR9678 is
required for seed germination (Guo et al. 2018). Knockdown of miR393 expression
by STTM provided insight into the function of miR393 in soybean defense against
Phytophthora sojae (Wong et al. 2014). A study on the silenced transgenic lines of
STTM472a revealed the role of miR472a in plant immunity in Populus trichocarpa
(Su et al. 2018). The STTM approach has also been used to silence miRNAs in
Medicago truncatula transgenic roots (Proust et al. 2018). Thus, STTM is a great
RNA-based technology and is essential for functional genomics in plants.
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Chapter 4
Silencing and Expressing MicroRNAs e
in Plants Through Virus-Based Vectors

Aihua Sha

Abstract The traditional methods for functional analysis of microRNAs is to create
transgenic plants with either overexpression or loss of function of microRNAs.
Expression vectors based on plant viruses have the advantages of easy infection, short
time to get results, and high throughput nature. Here, we describe the approaches
to discover microRNAs functions based on viral vectors in plants. We describe here
the use of viral system as a tool for gene function analysis, strategies for functional
analysis of microRNAs, plant viral vectors used for gene silencing or overexpression,
and virus-based miRNA silencing or overexpression in plants. Finally, the perspec-
tives of viral vectors in functional analysis of microRNAs and crop breeding are
discussed.

Keywords Viral vectors, microRNAs + Mimic, short tandem target mimic, sponge

4.1 Introduction

Plant virus expression vectors can either overexpress or suppress gene expression
in plants. Plant viral vectors can efficiently express the heterologous proteins when
the gene is engineered into the viral genome. The heterologous proteins will be
produced in significant quantities as virus replicates in the host. The protein of interest
is expressed under a strong (duplicated) viral promoter such as the coat protein
(CP) subgenomic promoter. The gene of interest is delivered to plant cells either as
infectious nucleic acid copies of the vector or by Agrobacterium-mediated infection
(Gleba et al. 2007).

Viral vectors can be also be used to suppress gene expression. A RNA-mediated
defense mechanism, namely, post-transcriptional gene silencing (PTGS), where
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plants detect viral RNAs and initiate the PTGS-like response to degrade the foreign
viral RNAs, exists. The specificity of PTGS depends on the activity of endoge-
nous RNA-dependent RNA polymerase, which can produce short complementary
RNA (cRNA) molecules by using specific RNAs as templates. The complementary
sequences are targeted by these cRNAs which serve as a guide for RNA-degrading
enzyme activity (Lindbo et al. 2001). The RNA-mediated defense is triggered by
the viral vectors carrying host-derived sequence inserts, which target both the viral
genome and the host gene corresponding to the insert. As a result, the symptoms
appear in the infected plant due to loss of function or reduced-expression of the host
gene (Ratcliff et al. 2001).

4.2 Strategies for Functional Analysis of MicroRNAs

MicroRNAs (miRNAs) are a class of small non-coding RNAs (ncRNAs) functioning
as key regulators of gene expression that control multiple functions in plants and
animals (Banks et al. 2012). In plants, the long ncRNA precursors containing a
stem-loop secondary structure is processed to the mature miRNAs by an RNase I1I-
like enzyme, DCL1, which coordinates with DRB1 (HYL1) and SE (Banks et al.
2012). One strand of the miRNA duplex, the guide strand, is loaded onto the AGO1
protein of the RNA-induced silencing complex (RISC) to recognize the target mRNA.
miRNA mediates target mRNA cleavage at the post-transcriptional level or induces
translational inhibition in plants (Banks et al. 2012).

Two reciprocal reverse genetic strategies are traditionally adopted to investigate
the function of a particular miRNA in the plant, either, enhancing miRNA activity or
blocking miRNA function (Jones-Rhoades et al. 2006). The former is achieved by
transgenic overexpression of the miRNA, and the latter by either altering the miRNA
gene (Allen et al. 2007) or expressing a miRNA-resistant target (Zhao et al. 2007).
Recently, miRNA decoys were developed to overcome the problems challenged
by traditional transgenic methods due to most miRNAs containing multiple func-
tionally redundant members (Wong and Millar 2019). The expression of miRNA
decoys through transgenic approaches can sequester or inhibit targeted miRNAs,
which generates a loss-of-function miRNA effect. Three miRNA decoys have been
developed in plants, that is, miRNA MIMICs (MIM), SHORT TANDEM TARGET
MIMICs (STTMs), and miRNA SPONGEs (SPs). MIMs were first miRNA decoys
used in plants, which were derived from the endogenous Arabidopsis gene INSEN-
SITIVE TO PHOSPHATE STARVATION 1 (IPS1). IPSI encodes mRNA containing
a 23-nucleotide sequence that was partially complementary to miR399 with a three-
nucleotide mismatch loop at the miRNA binding site of miR399. The loop inhib-
ited the cleavage of /PS] mRNA, which caused the sequestration of miR399 from
its endogenous targets as the miR399-RISC complex remained bound to the /PS/
RNA. As a result, the expression of endogenous targets was not repressed. The
IPS]1 transcript sequence has been modified to inhibit other miRNA families by
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replacing the miR399 bulged target with sequences complementary to other miRNAs
(Franco-Zorrilla et al. 2007).

STTM:s are the second miRNA decoys, which are ~100 nt short artificial transcripts
containing two MIM binding sites separated by 48 nt spacers. STTMs have better
efficiency to inhibit miRNAs in comparison to MIM in Arabidopsis and other plant
species (Yan et al. 2012; Zhang et al. 2017). miRNA SPONGESs SPs are synthetic
sequences containing multiple miRNA binding sites separated by 4 nt spacers. They
compete for miRNA binding and perturb the endogenous miRNA-target mRNA
interaction (Reichel et al. 2015). SPs were firstly developed in animal systems (Ebert
etal. 2007), and have been shown to inhibit miRNA activity in plants as well (Reichel
et al. 2015).

4.3 Virus-Based Gene Silencing or Gene Overexpression
in Plant

Virus-based gene silencing or expression has proven to be a powerful tool for charac-
terizing the function of genes in plants. The advantage of the viral vector in function
analysis lies in its speed and easy adaptation to high throughput systems (Baulcombe
1999). Initially, viral vectors were designed to overexpress genes to obtain proteins
and metabolites, for instance, overexpression of phytoene synthase and capsanthin-
capsorubin synthase gene from a Capsicum species in Nicotiana benthamiana plants
(Lindbo et al. 2001). Viral vectors can also be used to study gene function by tran-
sient overexpression. The expression of the FEN gene by the Potato virus X (PVX)
gene expression system resulted in sensitivity to fenthion in tomato (Rommens et al.
1995). Overexpression of MADS-box gene, SIMADS-RIN, and SBP-box gene, SISPL-
CNR, by a modified PVX vector was able to complement non-ripening phenotype of
Ripening inhibitor (rin) mutant and Colorless non-ripening (Cnr) mutant in tomato
fruit, respectively (Kong et al. 2013).

Recently, dozens of virus vectors have been developed as virus-induced gene
silencing (VIGS) tools to analyze the loss of the gene function (Table 4.1). The
VIGS vectors are derived from viral RNA as well as DNA. In the past decades,
most of the viral vectors were mainly used in dicotyledon species such as tobacco,
tomato, Arabidopsis, etc. (Table 4.1). The tobacco rattle virus (TRV )-based vector is
the most common viral vector used in a wide range of plant species. The apple latent
spherical virus (ALSV) vector has shown excellent adaption in several important
crops such as apple, pear, tomato, legume, Cucurbit species. Several viral vectors
such as Brome Mosaic Virus (BMV), Barley Stripe Mosaic Virus (BSMV), Bean Pod
Mottle Virus (BPMV), Cucumber Mosaic Virus (CMV), Rice Tungro Bacilliform Virus
(RTBV), Rice Tungro Bacilliform Virus (RTBV), Foxtail Mosaic Virus (FoMV) have
been successfully used in monocots (Table 4.1). These vectors were used in important
food crops such as wheat, rice, and maize. The endogenous gene can be silenced in
different tissues such as leaf, root, flower, fruit, which is dependent upon the viral
vectors with different efficacies.
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Table 4.1 The developed VIGS vectors used for gene silencing in plants

Virus Plant species applied Silenced tissue Reference
RNA virus
Apple latent spherical | Arabidopsis, apple, leaf, seed Huang et al. (2012)
virus (ALSV) cucurbit species, legume,

pear, tobacco, tomato
Brome mosaic virus barley, maize, rice, Tall leaf, flower Huang et al. (2012),
(BMV) fescue, sorghum, tobacco Kumar et al. (2018)
Barley stripe mosaic Aegilops tauschii, Avena, | root, leaf Huang et al. (2012),

virus (BSMV)

barley, Brachypodium
distachyum, wheat

Tavakol (2017)

Bean pod mottle virus
(BPMV)

soybean, wheat

root, leaf, shoot

Huang et al. (2012)

Chinese wheat mosaic | tobacco, wheat leaf Yang et al. (2018)
virus (CWMYV)

Cucumber mosaic virus | maize, soybean Leaf, seed Huang et al. (2012),
(CMV) Wang et al. (2016)
Cymbidium mosaic Phalaenopsis orchids flower Huang et al. (2012)
virus (CymMV)

Foxtail mosaic virus foxtail millet, maize, leaf Liu et al. (2016), Mei

(FoMV)

wheat

etal. (2016)

Potato virus X (PVX)

tobacco

Leaf, root, tuber

Huang et al. (2012)

Potato virus A (PVA)

tobacco

leaf

Huang et al. (2012)

Pea early browning

Lathyrus odorata,

leaf, shoot, root,

Huang et al. (2012)

virus (PEBV) Medicago truncatula flower, pod

Poplar mosaic virus tobacco leaf Huang et al. (2012)
(PopMV)

Plum pox virus (PPV) | tobacco leaf Huang et al. (2012)
Soybean yellow soybean leaf Lim et al. (2015)
common mosaic virus

(SYCMV)

Sunn-hemp mosaic Medicago truncatula, leaf Huang et al. (2012)
virus (SHMV) tobacco

Tobacco mosaic virus | Tobacco leaf Huang et al. (2012)
(TMV)

Tobacco necrosis virus | Tobacco leaf Huang et al. (2012)
A (TNV-A)

Tomato bushy stunt Tobacco leaf Huang et al. (2012)

virus (TBSV)

Tobacco rattle virus
(TRV)

Arabidopsis, Aquilegia
vulgaris, cotton, opium,
petunia, populus, rose,
Rauwolfia, strawberry,
Thalictrum dioicum,
tobacco, tomatto

Leaf, shoot, root,
flower, fruit, silique

Huang et al. (2012), Jia
et al. (2013), Shen et al.
(2015), Corbin et al.
(2015), Corbin et al.
(2017), Cheng et al.
(2018)

(continued)
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Table 4.1 (continued)
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Virus

Plant species applied

Silenced tissue

Reference

Tobacco ring spot virus
(TRSV)

Arabidopsis, cucurbits,
legumes, tobacco

leaf, flower, fruit

Zhao et al. (2016)

Turnip yellow mosaic | Arabidopsis leaf, shoot, flower, Huang et al. (2012)
virus (TYMV) silique

‘White clover mosaic pea leave Ido et al. (2012)
virus (WCIMV)

DNA virus

Abutilon mosaic virus | tobacco leaf Huang et al. (2012)
(AbMV)

African cassava mosaic | mannihot, tobacco leaf, root Huang et al. (2012),
virus (ACMV) Lentz et al. (2018)
Beet curly top virus spinach, tomato leaf, flower Huang et al. (2012)
(BCTV)

Cabbage leaf curl virus | Arabidopsis, tobacco leaf Huang et al. (2012)

(CaLCuV)

Cotton leaf crumple cotton leaf, flower, boll Huang et al. (2012)
virus (CLCrV)

East African cassava cassava leaf Beyene et al. (2017)
mosaic virus

(EACMV-K201)

Grapevine virus A grape, tobacco leaf Huang et al. (2012)
(GVA)

Pepper huasteco yellow | pepper fruit Huang et al. (2012)
vein virus (PHYVV)

Rice tungro bacilliform | rice leaf Huang et al. (2012), Kant
virus (RTBV) and Dasgupta (2017)
Tomato golden mosaic | tobacco leaf Huang et al. (2012)
virus (TGMYV)

Tomato leaf curl virus | tobacco, tomato leaf Huang et al. (2012)
(ToLCV)

RNA satellite virus tabacum Leaf, flower Huang et al. (2012)

Satellite of tobacco
mosaic virus (STMV)

Tomato yellow leaf curl
China virus

petunia, tobacco, tomato

leaf, shoot, root,
flower, fruit

Huang et al. (2012)

(TYLCCNV)

Tobacco curly shoot Tobacco leaf Huang et al. (2012)
virus (TbCSV)

TbCSV Alphasatellite | petunia, tobacco, tomato | leaf, flower Huang et al. (2012)
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4.4 Virus-Based miRNA Expression or Silencing in Plants

Plant miRNAs play critical roles in multiple biological processes, and traditional
methods for functional analysis of miRNA require the generation of stable transgenic
plants, which is time- and cost-consuming processes. Viral vector-based transient
gene expression techniques can overcome those limitations because they do not
require the generation of stable transgenic plants. Furthermore, transient expressions
are also useful in characterizing lethal phenotypes (Sha et al. 2014). Viral vectors
are also suitable for analyzing miRNA functions in plant species that are not readily
amenable to genetic transformation. Using viral vectors, the artificial and/or native
miRNAs can be overexpressed to specifically suppress their target genes, whereas
MIMs, STTMs and/or SPs can be overexpressed to inhibit the activity of miRNAs
in plants (Fig. 4.1).

Tang et al. first reported that the overexpression of an endogenous or artificial
miRNAs using a cabbage leaf curl virus (CaLCuV)-based vector in plants (Tang
et al. 2010). The expression of endogenous genes PDS, Su, CLAI, and SGTI were
effectively silenced by the artificial miRNAs overexpressed by the CaLCuV vector
in Nicotiana benthamiana (Tang et al. 2010). Meanwhile, the ectopic expression of
endogenous miR156 and miR165 by the viral vector resulted in abnormal develop-
mental phenotypes in N. benthamiana (Tang et al. 2010). Henceforth, the CLCrV
(cotton leaf crumple virus) vector was developed to ectopically express endoge-
nous miR156 in G. hirsutum, in which down regulation of miR156-targeted mRNAs
caused abnormal leaf development phenotypes (Gu et al. 2014). Jian et al. demon-
strated that the BSMV system successfully overexpressed the endogenous miR156
and an artificial miRNA (amiR-PDS) against phytoene desaturase gene PDS in wheat
(Jian et al. 2017). Ju et al. showed that TYLCCNV (Tomato yellow leaf curl China
virus) vector could overexpress both the artificial miRNAs and endogenous siRNAs
in Nicotiana benthamiana. The endogenous genes PDS, Su, and PCNA were silenced

Endogenous microRNAs MIMs
Artificial microRNAs STTMs
SPs

Overexpression of

Suppression of
microRNAs microRNAs

Fig. 4.1 The flow chart of overexpression or suppression of microRNAs in plants using viral
vectors. For details of virus-based expression of endogenous or artificial miRNAs, refer to (Tang
et al. 2010; Jian et al. 2017). For information of virus-based expression of MIMs and STTMs, refer
to Sha et al. (2014), and for SPs, refer to Ebert et al. (2007)
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by overexpressing the corresponding artificial miRNAs. Meanwhile, the endoge-
nous miR156 and siRNA athTAS3a 5’D8(+) could also be overexpressed based on
TYLCCNYV system (Ju et al. 2017).

In addition to overexpress the artificial and/or native miRNAs, the viral vectors
could be also applied to silence endogenous miRNAs in plants. Sha et al. modified
the TRV-based VIGS vector to deliver the MIMs or STTMs of selected miRNAs in
tobacco and tomato (Sha et al. 2014). They found that expression of MIMs or STTMs
through TRV vector could silence the endogenous miR172, miR165/166, miR319
in Nicotiana benthamiana or tomato (Solanum lycopersicum), which caused devel-
opmental defects. Yan et al. also demonstrated that the TRV-based VbMS system
worked well in Arabidopsis (Yan et al. 2014). They introduced the MIM of miR 156,
miR319, or miR164 into the viral genomic RNA, and found that the viral-inoculated
plants and the stably transformed Arabidopsis plants showed the same phenotypes
(Yan et al. 2014). Chen et al. has developed a protocol for MR VIGS (miRNA-based
virus-induced gene silencing) in plants, based on two virus-based miRNA expression
systems, CaLLCuV and TRV vectors (Chen etal. 2015). Jiao et al. used modified BSMV
system to suppress miR159a and miR3134a through the expression of MIM or STTM
in wheat. The expressions of mature miR159a and miR3134a were decreased with a
concomitant increase in the transcript levels of their target genes (Jiao et al. 2015).
Jian et al. also successfully used BSMV to knock down the endogenous miR156
and miR166 levels in wheat (Jian et al. 2017). Zhao et al. showed that the PVX-
based MIM expression could strongly silence miRNAs in Nicotiana benthamiana and
potato (Zhao et al. 2016, 2020). Overexpression of STTMs against miR165/166 and
miR159 by PVX led to defective phenotypes that were similar to those of transgenic
plants (Zhao et al. 2016). Du et al. developed a LS-CMV (Cucumber mosaic virus)
-based vector to express MIM of miR159. The depletion of miR159 in Arabidopsis
resulted in symptoms similar to those of Fny-CMV infected plants, which disrupted
miRNA-regulated development (Du et al. 2014). Yang et al. demonstrated that the
CWMYV (Chinese wheat mosaic virus) could be used to express the MIM in wheat
to suppress miR165/166 and miR3134a (Yang et al. 2018). The cucumber mosaic
virus strain ZMBJ (ZMBJ-CMV)-2byg;-STTM vectors successfully downregulaed
Nbe-miR165/166 or Nbe-miR 159 in Nicotiana benthamiana, and Zma-miR167 or
Zma-miR482 in maize (Liu et al. 2019).

4.5 Conclusions and Future Perspectives

Viral vectors are widely applied for the analysis of gene function in plants for both
forward and reverse genetics. Viral vectors are especially useful when they were
inoculated by Agrobacterium infiltration, as it is cost effective. Once viral vectors are
transformed to Agrobacterium, they can infect the plants by means of infiltration. So
the cost and time for generating transformants can be reduced. Plants can be infected
in the early developmental stage with Agro-drench approach, and the specific tissues,
such as fruits, can be inoculated. All the major tissues of the plant can be infected
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by viral vectors including leaf, root, flower, and fruit (Table 4.1). The viral vectors
have been widely used in studying gene functions.

The non-inheritance was considered as the main drawback of viral vectors.
However, recent reports have shown that transient expression of some viral vectors
was inherited to the next generation. For instance, there was 10-30% silencing
transmission to progeny for TRV-VIGS in Nicotiana benthamiana and tomato,
CMV-VIGS in petunia and tomato, and ALSV-VIGS in soybean (Senthil-Kumar
and Mysore 2011). The silencing transmission was ~50% in pea by PEBV-VIGS
(Senthil-Kumar and Mysore 2011). The silencing transmission was more than 80%
in wheat by BSMV-VIGS (Senthil-Kumar and Mysore 2011). Therefore, the stable
transgenic plants overexpressing or downregulating target genes can be obtained by
taking advantage of the characterization of viral seed transmissibility. Besides, the
vegetative tissues, silenced plants can be propagated through tissue culture, callus
development, protoplasts multiplication, and other in vitro steps (Senthil-Kumar and
Mysore 2011).

To date, more than 40 viral vectors have been developed, which are successfully
used to silence or overexpress target genes in dicotyledons and monocotyledons
(Table 4.1). Some of them have been applied to study miRNA function such as
CaLCuV, TRV, PVX, BSMV. Other vectors are the potential tools that can be modi-
fied for functional analysis of miRNAs. There are 6750 and 2422 miRNAs deposited
in miRBase (Release 22.1: October 2018) for eudicotyledons and monocotyledons,
respectively. The function of most of them are still unknown. It is promising to
uncover the function of miRNAs through viral vectors in a fast and convenient
way. Notably, the efficacy of different approaches for inhibition of a given miRNA
is different (Wong and Millar 2019). The efficiency of different viral vectors for
silencing the target miRNAs are also different (Zhao et al. 2016). Hence, the combina-
tion of MIM, STTMs, and SPs with different viral vectors may be taken to maximize
the chances of silencing or enhancing the miRNA activity.
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Chapter 5 ®)
Use of mRNA-Interactome Capture oo
for Generating Novel Insights into Plant

RNA Biology

Naiqi Wang and Anthony A. Millar

Abstract RNA-binding proteins (RBPs) constitute a diverse group of proteins that
control the fate and expression of the transcriptome via events collectively termed
post-transcriptional gene regulation. They are a relatively understudied class of regu-
lators, where historically the focus has been on gene regulators such as transcription
factors and small RNAs. This has been due partly to the inability to globally identify
the RNA-binding portion of the proteome. However, this has recently changed with
the development of “mRNA-interactome capture”; the UV cross-linking of RNAs
to proteins that are in direct contact, followed by the isolation of these protein-RNA
complexes and subsequent identification of the RNA-bound proteins by mass spec-
trometry. In plants, this methodology has now confirmed the RNA-binding nature
of 100s of bioinformatically predicted RBPs, as well as the identification of many
proteins that were not previously known to bind RNA. Characterizing these RBPs
will begin to elucidate the true scope of post-transcriptional gene regulation in
plants, revealing novel regulatory mechanisms and biotechnological opportunities
for improvement of crop species. We highlight three areas of immediate interest to
which this UV cross-linking method can contribute; gene silencing, translational
control of protein synthesis during abiotic stress, and the epitranscriptome.

Keywords RNA-binding proteins - mRNA-interactome capture + Gene
expression + Abiotic stress + Epitranscriptome

5.1 Introduction: RNA-Binding Proteins Execute
Post-Transcriptional Regulation

Gene regulation is fundamental to life, being coordinated via a myriad of
molecular interactions that enables the execution of differential gene expres-
sion programs that underpin development and responses to environmental cues

N. Wang - A. A. Millar ()

Division of Plant Science, Research School of Biology, The Australian National University,
Canberra ACT 2601, Australia

e-mail: tony.millar@anu.edu.au

© Springer Nature Switzerland AG 2021 63
G. Tang et al. (eds.), RNA-Based Technologies for Functional Genomics in Plants,
Concepts and Strategies in Plant Sciences, https://doi.org/10.1007/978-3-030-64994-4_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-64994-4_5&domain=pdf
mailto:tony.millar@anu.edu.au
https://doi.org/10.1007/978-3-030-64994-4_5

64 N. Wang and A. A. Millar

(Briggs 2016; Hicks 2001). Gene expression commences with the production of
RNA via transcription. These RNA molecules are simply carriers of genetic infor-
mation, needing to interact with cellular factors and machinery in order for them
to perform their genetic function. This not only applies to precursor mRNAs (pre-
mRNAs) that corresponds to the coding portion of the transcriptome, but also to the
non-coding portion, for example, primary-microRNAs (pri-miRNAs). The majority
of these cellular factors and machinery correspond to RNA-binding proteins (RBPs),
whose complex interaction with the transcriptome determines its fate (Hentze et al.
2018). RBPs not only mediate the processing and modification of RNAs resulting in
their maturation, but they also determine expression (translation), localization, and
stability (Fig. 5.1) (Obernosterer et al. 2006; Floris et al. 2009; Maldonado-Bonilla
2014; Schwartz 2016). For instance, in the nucleus RBPs mediate the capping of
pre-mRNAs at their 5° end, and polyadenylation at their 3 end. Most RNAs are
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Fig. 5.1 A graphical overview of post-transcriptional regulation. The regulatory processes and
effects to transcripts are denoted in bold and italics. The RNA-binding proteins are indicated by
cartoons according to their functions
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decorated with chemical modifications that are added by RBPs referred to as “epi-
transcriptomic writers” (Li and Mason 2014; Vandivier and Gregory 2018). Ubiqui-
tously, eukaryotic mRNAs contain introns that are processed by the spliceosome, a
complex composed of small nuclear RNAs and proteins including RBPs (Fig. 5.1)
(Xiao et al. 2016). Once exported to cytoplasm, mRNAs may be translated or trans-
ported to organelles or subcellular foci such as processing bodies (where mRNAs
is degraded) or stress granule (where they are protected from translation and decay)
(Fig. 5.1) (Chantarachot and Bailey-Serres 2018; Maldonado-Bonilla 2014). “Epi-
transcriptome readers” and “erasers” also interact with the chemical modifications,
controlling RNA fate (Shen et al. 2019). Together these processes are considered
post-transcriptional regulation, which ultimately controls the genomic output from
a cell, a process that underpins life.

5.2 RBPs Are an Understudied Class of Gene Regulators

Despite this central role in controlling gene expression, RBPs have remained a rela-
tively understudied cohort of gene regulators. One contributing factor to this, is
that determining mRNA-protein interaction has remained challenging largely due to
limiting technology. Historically, this was in contrast to methods that were available
to study other classes of regulators. For instance, RNA-seq makes it relatively easy
to identify the global cohort of small RNAs (sRNAs). Supporting these analyses are
simple sequence complementary-based programs that predict their targets giving
insights into their function (Li et al. 2014). Similarly, methodologies have long
existed for the study of transcription factors and their targets. For example Chro-
matin—immunoprecipitation (ChIP-seq) methodology has been well developed and
widely utilized, which again gives functional insight of these regulatory genes.

Consequently, regarding gene regulation, the focus has remained on transcription
factors and SRNAs of which many have been functionally characterized. By contrast,
for the vast majority of RBPs, little is known about their function, their targets, or
even when they are actively binding RNA (Silverman et al. 2013). Confounding
this challenge is their heterogeneity. RBPs correspond to a biochemically diverse
and complex collection of proteins that interact with RNA via multiple mechanisms,
be it RNA sequence motifs, RNA structures, or to the vast array different post-
transcriptional chemical epitranscriptome marks decorated on RNA. Defining the
cohort of RBPs in a cell, the RNAs to which they bind, and to what structural features
they recognize, are all challenging experiments. Consequently, despite eukaryotic
genomes contain hundreds of different RBPs (being similar to the number of genes
encoding transcription factors), currently our knowledge on the function of vast
majority of these RBPs, or the mechanism by which they operate, remain unknown
(Wheeler et al. 2018; Lee and Kang 2016).

Of the few RBPs that have been characterized in plants, they have been shown
to play crucial roles in development, including flowering (Lim et al. 2004), senes-
cence (Wu et al. 2016), and environmental responses, including circadian rhythms
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(Staiger and Green 2011), stresses (Marondedze et al. 2019; Frei dit Frey et al.
2010) and hormones [for reviews see (Bazin et al. 2018; Silverman et al. 2013)]. For
example, the FLOWERING CONTROL LOCUS A (FCA) protein harbors an RNA-
Recognition Motif (RRM) domain that regulates RNA splicing to suppress target
gene expression and promote flowering-time (Lim et al. 2004; Lee et al. 2015).
Other RBPs have been shown to play arole in stress response, such as the GLYCINE
RICH PROTEINs (GRPs). Their expression is regulated by ABA and they mediate a
number of different physiological responses to counter stress (Czolpinska and Rurek
2018). Nevertheless, in plants, much of what is known regarding RBPs is rudimentary
and comes via bioinformatic extrapolation from other kingdoms (Silverman et al.
2013).

5.3 The Global Identification of RBPs
with mRNA-Interactome Capture

Until recently, our knowledge on which proteins bind RNA came mainly from
targeted studies on individual proteins or from bioinformatic predictions of proteins
containing known canonical RNA-binding domains (RBDs), as there were no global
methods for their determination (Silverman et al. 2013). Attempts to solve this
problem included the use of protein micro-arrays (Tsvetanova et al. 2010) or stable
isotope labeling by amino acids in cell culture (SILAC) to identify peptides bound
to RNA probes (Butter et al. 2009). However, these in vitro approaches are limited
and may not reflect biologically significant interactions that occur in vivo.

Solving this technical limitation has been the landmark development of mRNA-
interactome capture, which was pioneered in animal cell lines (Castello et al. 2012;
Baltz et al. 2012). Here 254 nm UV light is irradiated onto live cells which cova-
lently cross-links proteins that are directly bound to RNAs in vivo, thereby “freez-
ing” mRNA-protein interactions. The advantage of using UV light for cross-linking
is that only proteins in direct contact with RNA will form covalent bonds with
RNA, and unlike formaldehyde, no protein-protein cross-links will occur, therefore
only genuine RBPs are captured (Castello et al. 2012; Baltz et al. 2012). Following
cross-linking, mRNA-protein complexes are isolated using oligo(dT) beads. These
complexes are stringently washed to remove non-cross-linked proteins. The mRNA-
protein complexes are then eluted from the oligo(dT) beads, and then RNA is
degraded via RNase treatment, leaving the RNA-bound protein fraction. These
proteins are then digested with trypsin and then analysed by quantitative mass spec-
trometry (MS). Multiple large scale biological replicates are performed on both UV
treated [cross-linked (CL)] or non-UV [non cross-linked (nCL)] samples. Proteins
that are enriched in the CL sample compared to the nCL sample with strong statistical
significance [e.g., a false discovery rate (FDR) of below 1%] are considered strong
candidates for being RBPs.



5 Use of mRNA-Interactome Capture for Generating Novel ... 67

Such an approach captures RBPs in alargely unbiased, systematic manner. Interac-
tome capture experiments have been completed for human HelLa and human embry-
onic kidney HEK293 cells (Castello et al. 2012; Baltz et al. 2012). mouse embryonic
stem cells (Kwon et al. 2013), liver cells, and yeast (Beckmann et al. 2015). Addition-
ally, the approach has been used on whole organisms, such as Caenorhabditis elegans
(Matia-Gonzalez et al. 2015) and Drosophila (Wessels et al. 2016). Together, these
experiments have provided experimental evidence of RNA-binding for hundreds of
predicted RBPs, which have classical RNA-binding domains (RBDs). In addition,
a multitude of other potential RBPs has been identified, that neither have a clas-
sical RBD, nor any known association with RNA (Hentze et al. 2018). Therefore,
like other unbiased “omics” approaches, the unexpected findings are leading to a
paradigm shift in our perception of what an RBP is and what their potential roles in
the cell are (Hentze et al. 2018).

5.4 Arabidopsis in Planta mRNA-Interactome Capture

The method of mRNA-interactome capture has now been applied to Arabidopsis,
including leaf mesophyll protoplasts (Zhang et al. 2016), cell suspension cultures
(Marondedze et al. 2016), and an in planta study on intact etiolated seedlings
(Fig. 5.2; Reichel et al. 2016). These studies have given insights into the portion
of the proteome that is RNA-binding. They have provided the first experimental
evidence of RNA-binding for 100s of bioinformatically predicted plant RBPs. Addi-
tionally, similar to the studies in animals, a large proportion of the captured proteins
neither have a classical RBD nor any know association with RNA. This has raised
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Fig.5.2 In planta mRNA-interactome capture. a. Interactome capture [nRNA (blue); UV cross-
links (); proteins (red), oligo-dT beads (purple)]. b. Number of identified proteins that are linked or
unlinked to RNA biology, including examples
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the possibility of identifying many new RNA regulatory pathways and mechanisms
that had not been previously considered (Koster et al. 2017; Bach-Pages et al. 2017).

For the Arabidopsis in planta seedling study, 737 proteins were captured, of
which 300 were enriched in the CL compared to the nCL sample, with a false
discovery rate of below 1%. This set of proteins was defined as “interactome RBPs.”
The remainder of the proteins (437) did not meet these stringent criteria and were
classified as “candidate RBPs,” which are of lower confidence but still likely to
bind to RNA. Gene ontology (GO) analysis revealed that approximately 74% of
the interactome RBPs and 46% of candidate RBPs had GO annotations linking
their function to RNA, demonstrating that proteins associated with RNA have been
preferentially captured (Reichel et al. 2016). Additionally, many of these proteins
contained a known RNA-binding domain (RBD); this includes RNA-Recognition
Motif (RRM) (80 proteins), K homology domain (12 proteins), DEAD-box heli-
case domain (12 proteins), pumilio repeats (six proteins), zinc finger types (19
proteins), or pentatricopeptide repeats (12 proteins). Well-known RBPs, such as
COLD SHOCK PROTEINs (CSPs), GRPs and TUDOR-SN proteins were isolated,
along with many housekeeping RBPs such as POLY(A) BINDING PROTEINS,
splicing factors and proteins associated with gene silencing, including AGONAUTE
family members (AGO1, AGO2, and AGO4) (Table 5.1). Additionally, a family of ten

Table 5.1 Some examples of proteins identified by the in planta mRNA-interactome capture study
(Reichel et al. 2016). This includes classes of proteins which have no known RNA-binding function

Gene name Function p-value of enrichment
AGONAUTEI Gene silencing 2.9E-08
AGONAUTE2 1.1E-04
ECT1, RNA methylation readers? 7.2E-08
ECT2, 1.2E-13
ECT4, etc. 1.5E-03
Tudorl Stress 1.5E-15
Tudor2 3.1E-11
GRP5 Stress 1.3E-06
GRP7 6.0E-14
Annexin D4 Stress/secretion 4.9E-07
ACTIN 8 Cytoskeleton 2.4E-04
Tubulin a-4 chain | Cytoskeleton 6.6E-06
Tubulin -3 chain 9.4E-06
Lim protein2B Cytoskeleton 9.9E-11
WLiml 8.4E-11
Aquaporin PIP2-1 | Intrinsic membrane water transporter proteins | 2.0E-05
Aquaporin PIP2-2 8.7E-03
Aquaporin PIP2-7 5.4E-05
Phytochrome A Photoreceptor 1.4E-03
Phototropin-1 Photoreceptor 3.4E-03
EIN2 Ethylene signaling 3.5E-09
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YTH (YT521B-Homology) domain-containing proteins were captured, also known
as EVOLUTIONARY CONSERVED C-TERMINAL DOMAIN family proteins.
These proteins are homologous to mammalian proteins that bind the most preva-
lent mRNA modification, adenosine 6 methylation (mP®A), and are considered part
of the epitranscriptome, with the ECT2 protein been shown to increase the stability
of its target mMRNAs (Wei et al. 2018). Additionally, ECT2 and ECT3 have now been
demonstrated to recognize the m® A mRNA modifications in Arabidopsis, and func-
tional analysis has shown that they control developmental timing and morphogenesis
in Arabidopsis (Arribas-Hernandez et al. 2018). As these proteins are redundant with
one another, it likely explains why they have not been previously identified with these
phenotypes in mutant screens, an issue that is likely common among plant RBPs,
as most belong to small to medium protein families (Arribas-Hernandez et al. 2018;
Scutenaire et al. 2018).

5.5 The Use of mRNA-Interactome Capture to Address
Key Areas of Plant Biology

Gene regulation at the translational level remains enigmatic. Given the ease at which
mRNA levels are measured with RNA-seq, gene expression is predominantly quan-
tified via transcriptomics, with the underlying assumption that transcript abundance
acts as a proxy for protein levels. However, the plethora of post-transcriptional gene
regulatory (PTGR) mechanisms means that the correlation between an mRNA’s abun-
dance and its corresponding protein’s abundance is poor. In mammalian systems,
mRNA levels only account for approximately 40% of the variability in protein levels,
with translation efficiency the best predictor of protein expression (Schwanhausser
et al. 2011). Moreover, although discrepancies between mRNA and protein levels
are designated “translational control,” our understanding of the mechanisms behind
such regulation is virtually non-existent. For instance, despite the intense focus on
plant microRNAs (miRNAs), no unifying theme has as yet emerged of how they
mediate repression of their targets via a translational mechanism (Axtell 2017).
Gene_silencing. Firstly, ARGONAUTE (AGO) proteins, mediators of gene
silencing, have been successfully cross-linked to mRNA (Reichel et al. 2016). For the
in planta interactome, AGO1 and AGO2 were identified in the “interactome RBPs”
(Table 5.1), and AGO4 in the candidate RBPs. In animals, miRNA target genes
have been identified in numerous studies through cross-linking and immunoprecip-
itation of AGO complexes, followed by high-throughput sequencing of RNA (often
referred to as HITS-CLIP or CLIP-seq) (Chi et al. 2009; Zisoulis et al. 2010). No such
experiments have been achieved yet for plant systems, but this mRNA-interactome
result implies this is possible, raising new opportunities to explore which mRNAs
are being targeted by the different gene silencing effector proteins (pathways) in
plants. Moreover, comparison of an AGO1 CLIP-seq to degradome data will give
insights into silencing mechanisms by determining which targets are cleaved (present
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in degradome), compared to targets being translationally repressed (targets present
in CLIP-seq data, but no degradome signature). Given the ongoing investigation into
gene silencing, the mechanism by which it works, and the genes it targets, application
of such methodology to plants would be highly significant to the field.

RBPs and selective translation during abiotic stress. Gene expression reprogram-
ming during abiotic stress underpins a plant’s response and tolerance. This includes
strong gene regulation at the translational level, which occurs during a wide range of
stresses, including heat, cold, hypoxia (waterlogging), and water deficit (Merchante
etal. 2017). Here, often two opposing translational regulatory events occur; a general
decrease in global translation rates, coupled with increased translation efficiency
of a select group of mRNAs required for stress survival (Merchante et al. 2017).
This occurs as protein synthesis is potentially the most energy-expensive process
in the cell; after translation, correct folding, modification, and transportation ensues
(Roy and von Arnim 2013). Therefore, regulating what fraction of the transcriptome
is translated is a key regulatory step enabling a rapid response to environmental
perturbations while conserving energy (Matsuura et al. 2010). In the extreme cases
of anaerobic or heat shock, the majority of cellular mRNA polyribosomes disso-
ciate resulting in inhibition of general protein synthesis, while a small group of
mRNAs required for stress survival are selectively translated (Minia et al. 2016). For
anaerobiosis, enzymes involved in anaerobic metabolism are selectively translated,
presumably to make enough ATP to survive the stress (Sachs et al. 1980). Thus, this
post-transcriptional gene regulation not only couples a rapid response with energy
conservation, but also focuses translation on a subset of proteins to maximize stress
survival. Despite this hypoxic response being discovered over 35 years ago, the
molecular mechanisms that underlie selective translation during hypoxia, or any
other stress, remains unknown. These mechanisms are likely to be complex, but
RBPs must be regarded as likely key players (Lorkovic 2009; Ambrosone et al.
2012; Marondedze et al. 2019). Identifying these regulatory RBPs will be central in
understanding how these responses occur and may provide opportunities to manip-
ulate them. Indeed, the RBP known as OLIGOURIDYLATE BINDING PROTEIN
1 (UBP1), identified from animal systems via homology, selectively sequesters non-
stress-related mRNAs into stress granules during hypoxia to prevent their expression
(Sorenson and Bailey-Serres 2014). Other RBPs that are known to play key roles in
stress response have already been identified by mRNA-interactome capture during
non-stress conditions (Reichel et al. 2016) (Table 1). This includes Tudor-SN proteins
that are essential under stress where they stabilizes their targets (Frei dit Frey et al.
2010), and GRPs that are heavily involved in stress response (Czolpinska and Rurek
2018). Elucidating differential RNA-binders between control and stress conditions
via mRNA-interactome capture will give the best chance of identifying RBPs that
are key in coordinating abiotic stress responses.

The epitranscriptome. Relative to DNA methylation and epigenetics, the epitran-
scriptome has been poorly studied. This is despite there being over 100 known modi-
fications, inferring there is huge regulatory potential via RNA modification. The
most abundant modification is the methylation of adenosine, N6-methyladenosine
(m®A) (Li and Mason 2014), and this modification is added by an RBP referred
to as a “writer” (Fig. 5.3). These m®A modifications are essential for plants, as
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RNA processing 7
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Translation

Fig.5.3 The mechanism of m6A function. Methylation to adenosine on the transcripts is mediated
by writers [e.g., METTL3 (methyltransferase like 3) and METTL14 in mammal, MTA (mRNA
adenosine methylase) in plant], and can be demethylased by erasers [e.g., FTO (fat mass and obesity-
associated gene) in mammal and AtALKBH10B in plant]. Then the m6A is directly interacted by
readers (YTH proteins) which lead the transcripts to different processes

mutations in the writer, the RNA m®A methylase enzyme, are embryo lethal (Zhong
et al. 2008). Recognition of m®A modified RNA is achieved by RBPs referred to as
“readers” (Fig. 5.3). Their identity has been determined in animal cells as proteins
containing an YTH domain, which binds to m®A modified mRNA facilitating their
degradation (Wang et al. 2014), splicing (Xiao et al. 2016), or translation (Yang
et al. 2018). In contrast to humans which only have five YTH domain-containing
genes, Arabidopsis has 12 different YTH domain proteins (11 ECT proteins and
CPSF30), ten of which were identified in the in planta mRNA-interactome (Reichel
et al. 2016), confirming that these proteins are binding to mRNA in vivo. ECT2
and ECT3 have subsequently been demonstrated to regulate the branching of the
trichomes, and together with ECT4, are required for leaf developmental timing and
morphogenesis (Arribas-Hernandez et al. 2018; Scutenaire et al. 2018). ECT2 has
been confirmed to stabilize the mRNAs related to trichome morphogenesis, and
may also regulate the 3’UTR processing (Wei et al. 2018). Additionally, many ECT
genes are strongly induced by stress, potentially linking the epitranscriptome to stress
(Arribas-Hernandez et al. 2018; Scutenaire et al. 2018). However, the function of the
majority of the m6A regulators in the plant kingdom is still unclear (Reichel et al.
2019) Therefore, it is likely that we are only beginning to understand the impact of
the epitranscriptome, and how it controls genomic output during development and
environmental response.
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5.6 Conclusions

Plant mRNA-interactomes will open up many new avenues of research that will likely
elucidate post-transcriptional gene regulatory mechanisms not previously consid-
ered. Full development and exploitation of the methodology will serve as an exhaus-
tive resource for the plant biology community, enabling researchers working on other
plant (crop) species to adapt the methodology that has been pioneered in Arabidopsis.
We believe interactome capture will be of great interest to the plant scientific commu-
nity; as has the development of next-generation sequencing revolutionized the field
of transcriptomics resulting in an intense focus on SRNA biology, we anticipate that
enabling the global, unbiased analysis of the interactome will facilitate such a focus
for plant RBPs.
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Chapter 6 ®)
Slicing Messengers by Artificial Designs: e
Artificial MicroRNA Induced Gene

Silencing in Polyploid Plants

for Functional Genomics and Trait
Modification

Anandita Singh and Sandip Das

Abstract Evolutionary history of angiosperms illustrates extensive and recurrent
whole genome duplication (WGD) events. A direct consequence of WGD is estab-
lishment of multiple notional sub-genomes within the polyploid cytotypes accom-
panied with an overall increase in gene copies known as homeologs. Even in
diploids, prevalence of multiple, redundantly functioning gene copies is not unusual
and is reminiscent of ancient genome duplication events. Functional analysis of
such redundant genes poses challenges while using conventional loss- and gain-of-
function approaches. Whereas loss-of-function approaches involving withdrawal of
gene function entail recombining homozygous mutant alleles at multiple homeolo-
gous loci, serial analysis of gain-of-function mutants generated by over-expressing
individual gene copies is cumbersome yet important for delineating homeolog-
wise contribution to the phenotype. Development of transgene-based gene silencing
technologies provided useful alternatives for functional genomics in polyploids.
MicroRNAs and small interfering RNAs (siRNAs) were discovered as key regu-
lators of gene expression based on their ability to base-pair with transcripts in a
sequence-specific manner. Such a binding down-regulates target genes via transcript
cleavage or translation repression, hence the term RNA interference (RNAi). Since
mutants mimic loss-of-function phenotypes, siRNA-based gene silencing tools were
initially applied in functional genomics and trait modification in plants. However,
such prototypes of RNAi technology suffer from widespread off-target silencing.
Artificial miRNA-based silencing platform was designed to enhance specificity and
minimize off-target silencing for achieving systematic characterization of genes.
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Through a flexible format, artificial miRNA technology permits specific and effi-
cient silencing of a single or multiple genes by modulating the spectrum of target
transcripts. Furthermore, instances of “off-target” silencing are minimized since
homogenous population of mature miRNA are more precise relative to heterogenous
siRNAs. Inrefined versions, suitable promoters have been used to regulate expression
of artificial miRNAs in select spatio-temporal domains. Constant addition of novel
features underpins evolution of artificial miRNA technology and justify its adoption
in large-scale gene function studies and trait manipulation. Herein, we provide an
overview of the genesis and application of artificial miRNAs to illustrate the impact
of the technology over a decade in plant research and crop improvement.

Keywords Artificial microRNA - Gene silencing * Trait modification + Functional
analysis

6.1 Introduction

6.1.1 Polyploidy, Gene Redundancy, and Challenge
of Functional Characterization

Gene redundancy is all pervasive and is known to have co-evolved with multi-
cellularity with more complex genomes retaining a higher number of gene copies.
Especially in plants, evolutionary events such as Whole Genome Duplication have
been widespread resulting in polyploidy. Reconstruction of angiosperm phylogeny
based on whole genome sequences reveals cycles of genome duplication events
followed by gene loss (Mach 2019; Michael 2014). Prevalence of multiple sub-
genomes in a single plant species is therefore not unusual. While expansion of
gene copy number (homeologs) is a direct outcome of polyploidy, plant genomes
as such are extremely dynamic (Pennessi 2011) to the extent of being described
as “practising anarchy” as quoted by Detlef Weigel (Max Planck Institute for
Developmental Biology in Tiibingen, Germany). Rampant DNA rearrangements
including segmental and chromosomal duplications have further contributed to
gene redundancy in both diploid and polyploid plants. Gene duplication sets the
stage for sequence and functional diversification. Relieved of functional constraints,
duplicated genes often trace divergent evolutionary trajectories to acquire novel or
modified functions. Much of the morphological diversity in critical traits apparent in
cultivated crops has been established as a consequence of functional diversification
of homeologs during the course of crop evolution. In the post-genomic era, a
fundamental requirement for crop improvement is knowledge-base on biological
role of genomic sequences. Functional genomics in polyploid crops, replete with a
vast array of redundant gene copies, is however, not straight forward. Though gene
disruption methods such as classical chemical and physical mutagenesis, T-DNA and
transposon tagging, constitute a gold-standard for functional genomics, examination
of loss-of-function phenotypes is not tenable for redundantly functioning genes. For
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this very reason, complete withdrawal of protein function is extremely challenging
in polyploids. Furthermore, fixing mutated alleles to homozygosity at each locus
followed by recombining these in a common genetic background is a genetic feat not
feasible in scenarios wherein redundant genes are tandemly organized. By compar-
ison, gain-of-function mutagenesis involving strong constitutive promoters such as
35SCaMy, is a preferred method for functional characterization of redundant genes.
Therefore, in polyploids, individual homeologs are required to be systematically
over-expressed to dissect the contribution of each to the phenotype. Pending this,
functional characterization of gene homeologs is incomplete. Theoretically, different
homeologs may contribute quantitatively to the overall function; few homeologs
may evolve novel functions or even be pseudogenised (Jain et al. 2018; Zhang et al.
2019a; Lee et al. 2020). A problem commonly encountered in this approach is
manifestation of pseudo-phenotypes. Ectopic misexpression of genes in tissues and
developmental stages where the gene is naturally down-regulated can complicate
inference of true biological role of gene under investigation.

The methodological repertoire of first generation transgene-based gene silencing
technologies such as Post-Transcriptional Gene Silencing (PTGS), Transcriptional
Gene Silencing (TGS), and Virus Induced Gene Silencing (VIGS) promise simul-
taneous silencing of multiple gene homeologs (Waterhouse and Helliwell 2003).
Thus, these techniques are relevant for functional characterization of gene homeologs
in polyploid crops or for duplicate genes in diploid crops. In addition, transgene-
based silencing strategies permit sophisticated modulation of target gene expression
since it is possible to achieve quantitative and inducible silencing of even alleles,
programmable at both developmental and tissue-specific manner. Mechanistically,
an underlying commonality in gene silencing-based knock-down methods is post-
transcriptional down-regulation by small non-coding RNAs sharing base comple-
mentarity with target transcripts. The sequence-specific recognition of mRNAs by
small RNA constitutes a critical step in multifarious strategies for gene silencing.
One of the prime concerns of deploying small interfering RNA (siRNA) duplexes for
PTGS is unintended silencing of non-target genes, commonly termed as “off-target
silencing.”

Artificial miRNA (amiRNA) technology was developed as a 2" generation,
gene silencing method to achieve specific and efficient silencing. The flexibility
of targeting single or multiple genes simultaneously is a unique aspect of this tech-
nology. The intelligent design of amiRNA is rooted in the principle of biogenesis of
natural miRNAsS, recognition and pairing of amiRNA with target transcripts.

This chapter describes the unique aspects of amiRNA technology, its application
in functional genomics and trait modification in polyploid genomes with special focus
on crops including Brassicas. Written for the benefit of students and researchers, the
chapter intends to inform the readers about basic features of miRNAs, mechanism
of miRNA mediated target recognition and silencing; the knowledge of which was
creatively applied in design of amiRNAs and engineering method for achieving
highly specific silencing of target genes. The chapter also covers various amiRNA
technologies and representative biological and computational resources for effective
amiRNA designs. Interesting applications wherein potential of amiRNAs have been
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exploited are discussed. Finally, strength and limitations of amiRNA technology are
illustrated with relevant case examples.

6.1.2 Principles of Natural Small RNAs and Gene Silencing
Phenomenon

6.1.2.1 Historical Perspective

One of the most celebrated advancement in biological sciences has been the discovery
of regulatory small non-coding RNAs (snc RNAs) and elucidation of their role in
directing growth, development, adaptations, and genome reprogramming (Borges
and Martienssen 2015). The theoretical framework of gene regulation has come a
long way since 1969, when Britten and Davidson implicated a diffusible regulator
of transcription in eukaryotic gene regulation (Britten and Davidson 1969). That
the RNA moieties have a role beyond serving as a template, scaffold, or an adaptor
during protein synthesis, however, remained obscure until the phenomenon of RNA
induced gene silencing was discovered around 1980s. Since then, small RNAs have
gained center stage and are known to lie at the core of gene regulation. The repres-
sive role of small RNAs is now well established (Baulcombe 2004; Bologna and
Voinnet 2014) and deviates only slightly from the original postulation of an “acti-
vator RNA” in Britten and Davidson model in which RNA was proposed to regulate
a battery of genes. Small RNAs are best described as a sculptor who carves out the
shapes and contours of stone into a form using chisel and hammer (Bartel 2018).
Using a suite of proteins, small RNAs guide the down-regulation of a spectrum of
target genes. The fine modulation leads to establishment of a unique spatio-temporal
expression patterns that drive various cellular mechanisms. Small RNAs have thus
emerged as key players shaping development, phenotypic plasticity, and adaptations.
It is widely established that small RNA pathways originally evolved as a cellular
surveillance mechanisms for imparting defence against attacking parasitic viruses
and transposons and were subsequently co-opted for control of endogenous genes
(Jackson 2005; Axtell 2013).

RNA-induced gene silencing is described in adequate detail in both complex
and simple organisms suggesting universality of small regulatory RNAs (Mello and
Conte 2004). Remarkably, the molecular processes underlying biogenesis of small
RNAs and protein machinery that directs silencing of target transcripts are related
across organisms. These processes have been variously christened as PTGS in plants,
quelling in Neurospora crassa, and RNAi in animals (Waterhouse and Helliwell
2003). Historically, the term RNAi was coined for the very first time in the nematode
Caenorhabditis elegans (Fire et al. 1998) to describe the chemical nature of inter-
fering entity, the dSRNA (double-stranded RNA). Through a set of elegant exper-
iments that involved feeding the worms with sense, antisense, and dsRNA, Craig



6 Slicing Messengers by Artificial Designs ... 81

Mello (University of Massachusetts, USA) and Andrew Fire at Stanford Univer-
sity, California, USA, provided a compelling evidence on the nature of silencing
principle as “dsRNA”. In fact, the Nobel prize in physiology and medicine (2006)
was accorded to these scientists for “discovery that dsRNA triggers potent suppres-
sion of gene activity in a homology-dependent manner” (Advanced Information,
The Nobel Assembly of Karolinska Institute 2006). These workers demonstrated
that most potent silencing of target gene is achieved by dsRNA and not by sense or
antisense RNA alone. Incidentally, Caenorhabditis elegans also gained prominence
in context to discovery of miRNAs (microRNAs). The /in-4 allele encoding a small
RNA (~21-nt), later classified as a miRNA, was found to bear partial complemen-
tarity to its target LIN-14 within the 3" UTR region (Lee et al. 1993; Wightman
et al. 1993). This case was considered as a biological anomaly until the discovery of
another short 21-nt non-coding regulatory RNA termed as lez-7, also from C. elegans
(Lee and Ambros 2001; Reinhart et al. 2000).

The lobby of plant scientists, however, assert that RNA-induced gene silencing
was first described in plants. Although termed variously as PTGS, TGS, homology-
dependent gene silencing, and co-suppression, these are partially overlapping RNAi
processes (Lindbo 2012). The critical observations for RNAi like phenomenon were
reported in Petunia hybrida (Napoli et al. 1990). In an attempt to deepen the pigment
coloration in petals of petunia, CHS (CHALCONE SYNTHASE) was over-expressed
as a “sense” transgene in native background. Strikingly, variegated petals bearing all
shades of pink, purple, violet and white were observed. Crucially, it was demonstrated
that “cloned CHS gene” mobilized to endogenous genome background as a “trans-
gene,” was capable of over-stimulating the gene activity and silencing the homolo-
gous endogenous gene. The terms “homology-dependent gene silencing (HDGS)”
and “co-suppression” were thus postulated.

Even prior to this, the hypothesis that an antisense RNA expressed from a trans-
gene construct can effectively suppress gene expression was already tested in various
organisms such as bacteria (Light and Molin 1982, 1983; Mizuno et al. 1984), slime
mold (Crowley et al. 1985), oocytes of Xenopus (Melton 1985; Harland and Wein-
traub 1985), fruit fly (Rosenber et al. 1985), and mammalian cells (Izant and Wein-
traub 1984; Kim and Wold 1985; Mol et al. 1988). By the year 2005, around 25
cases of small trans-acting RNA regulators were reported in prokaryotes (Gottesman
2004; Vogel et al. 2014). It was shown that RNA:RNA hybrids resulting from
base complementarity between sense transcripts and antisense RNAs could effi-
ciently inhibit translation process. Such initial experiments had laid the foundation
of antisense RNA-based mutational analysis of gene function.

In plants, proof-of-concept study for RNAi like phenomenon involved obser-
vations made in carrot. Herein, super-transformation of carrot protoplasts with an
antisense construct triggered transcriptional inhibition of chloramphenicol resistance
gene (Ecker and Davis 1986). Several research articles were published subsequently
(reviewed in Jorgensen et al. 2006). Through these studies, a conceptual framework
emerged which described that gene silencing occurred either at transcriptional (TGS)
or post-transcriptional level (PTGS). In the former case, promoter methylation was
shown to result in inactivation of transcription (Matzke et al. 1989; Wassenegger
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et al. 1994; Park et al. 1996). In the latter case, degradation of transcripts resulted in
gene suppression. PTGS was reported in quick succession in various plant systems
such as petunia (Napoli et al. 1990; van der Krol et al. 1990; van Blokland et al.
1994), tomato (Smith et al. 1990), and tobacco (de Carvalho et al. 1992). Today,
it is well known that PTGS is achieved either via small RNA-directed cleavage of
messenger RNAs or inhibition of translational (Axtell 2013).

6.1.2.2 Understanding RNAi Phenomenon and Small RNAs in Plants:
Foundations for AmiRNA Design

Plant genomes encode diverse class of small RNAs which are distinguished on the
basis of precursor sequence, mechanism of biogenesis, protein machinery that the
small RNA associates with, and mechanisms by which target gene expression is
suppressed (Axtell 2013; Singh et al. 2018; Zhang et al. 2019b; Millar 2020; Zhang
and Hao et al. 2020). Small RNAs confer specificity and potentiate a protein complex,
RNA Induced Silencing Complex (RISC), for silencing of target genes (Bartel 2004).
The abundance and variation in categories of small RNA in plants suggest that natural
variation in components of RNAi pathways, such as Dicers, RNA-dependent RNA
polymerases (RDRs), Argonaute proteins, and allied factors have influenced plant
adaptations (Borges and Martienssen 2015; Teng et al. 2020). Despite the differences,
classes of small RNA share an underlying commonality as key players in partially
overlapping silencing pathways which are intricately regulated. In plants, the biolog-
ical processes are primarily governed by miRNAs and siRNAs (You et al. 2017).
In TGS, small RNAs interfere with target gene transcription by methylating DNA
and remodelling chromatin. Alternatively, in PTGS, endogenous and exogenous
RNAs can be silenced post-transcriptionally via transcript cleavage or translational
inhibition (Jones et al. 1999; Vaucheret 2006; Chen 2012; Rogers and Chen 2013;
Ossowski et al. 2008; Millar 2020). The siRNAs have been further sub-categorized
as small interfering RNAs that form hairpins (hp-siRNAs), natural antisense siRNAs
(nat-siRNAs), heterochromatic siRNAs (hc-siRNAs), and secondary siRNAs. The
secondary siRNAs have been sub-divided as ta-siRNAs, pha-siRNAs, and ra-siRNAs
(Axtell 2013; Singh et al. 2018).

Small RNA and RNA1 in plants has been lucidly described and cataloged (Voinnet
and Baulcombe 1997; Kasschau et al. 2002; Rajagopalan et al. 2006; Guo et al.
2016; Rosa et al. 2018; Castel and Martienssen 2013; Guzzardo et al. 2013; Wilson
and Doudna 2013; Millar 2020; Guo et al. 2020). Overall, RNAI is a multi-step
process which is triggered when a long dsRNA is endogenously expressed or ectopi-
cally introduced into the cell. The long dsRNA, termed as precursor, bears struc-
tural features such as a stem-loop stabilized by base complementarity. Alternatively,
pairing of sense and antisense transcripts also generates the precursor.

Once the dsRNA trigger is generated, RNAi process proceeds in two stages-
dicing and slicing. The first stage involves biogenesis of small RNA wherein Dicer
(RNAse III) crops the precursor to generate small dSRNA (~20-30 bp) with a 2-nt
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overhang at 3’ end (Bartel 2004). Given the function, dicers are likened to a micropro-
cessor (Ipsaro and Joshua-Tor 2015). In the second stage, small RNA-guided recog-
nition of target transcripts for cleavage (slicing) or translational inhibition occurs.
One of the strands of the small dsRNA (guide) bears complementarity to the target
gene(s) while the other (passenger strand) is degraded. The guide RNA associates
with Argonaute proteins (AGO) to form RISC which binds with target transcripts to
mediate down-regulation. The guide RNA confers specificity to the RISC for target
repression.

A particularly vexing issue for contemporary biologists is to delineate the
merging boundaries between origin and mode of action of small RNAs. Across
species and even within a cell, a large number of distinct classes of small RNAs
are uncovered which are being distinguished based on their cellular functions and
interactions with the specific category of Dicer for biogenesis. Differences also exist
in the mechanisms and pathways that mediate selection of appropriate strand of
dsRNA to be loaded onto RISC. Moreover, AGO proteins constitute a family which
recruit allied factors to constitute RISC variants. Open questions persist with regard
to mechanisms by which categories of small RNAs are sorted for binding with appro-
priate AGO counterpart. The constituents of RNAi pathway that control the decision
on channeling RISCs to direct silencing at level of transcription, transcript cleavage
or translational inhibition also being unraveled (Yu et al. 2017; Siomi and Siomi
2010; Ipsaro and Joshua-Tor 2015). In interest of maintaining focus on amiRNA-
based silencing technologies, the scope of this chapter is limited to unique features,
biogenesis, and control of miRNAs in plants.

6.1.2.3 The miRNAs: Biogenesis and Mechanism of Action

The miRNA genes in plants are typically 20—24-nt in size (You et al. 2017), origi-
nate from multiple loci and predominantly located in the inter-genic regions though
it is not unusual to find these embedded within introns, exons, or even transposons
(Yu et al. 2017; Yang et al 2012; Bartel and Bartel 2003). Most miRNA genes
exist as members of gene family giving rise to identical or slightly different mature
miRNAs (Kozomara and Griffiths-Jones 2011; Kozomaraet al. 2019). Genomic anal-
ysis studies have also revealed that members of miRNA gene family are tandemly
organized (Rathore et al. 2016). The promoters driving expression of miRNA genes
are similar to ones driving protein coding genes recognized by RNA polymerase
II (Pol II) (Coruh et al. 2014; Xie et al 2005; Jain et al. 2018). As is the case
with eukaryotic mRNAs, a nascent primary miRNAs (pri-miRNAs) is transcribed,
modified by capping at 5'-end and polyadenylation at the 3’-end (Xie et al. 2005;
Stepien et al. 2016). Mechanistically, mature miRNAs are processed from pri-
miRNAs by RNAse III in two steps by a protein complex consisting of (DICER-
LIKEI1, DCL1), HYPONASTIC LEAVES1 (HYL1), and SERRATE (SE) to release
the miRNA/miRNA* (guide/passenger strand) duplexes (Park et al. 2002; Reinhart
et al. 2002; Kurihara and Watanabe 2004; Fukudome and Fukuhara 2017). At an
ultra-cellular level, these processes occur in nuclei (Fang and Spector 2007; Li et al.
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2016). The pri-miRNA forms an imperfect stem-loop with structural features such
as proximal and distal stem and several other unstructured regions (Wang et al.
2019). The Dicer complex introduces two cuts at nearly pre-determined sites to
give rise to a much shorter stem-loop (80-250-nt) known as precursor miRNA (pre-
miRNA). The pre-miRNA is further cropped by DCLI to release a 21-nt double-
stranded RNA commonly called as miRNA/miRNA* duplex (Yu et al. 2017; Zhu
et al. 2013). Finally, HUA1 ENHANCER 1 (HEN1) methylates the 3'-terminal by
2'-O-methylation. Apparently, the modification is essential for stabilizing the small
RNA by conferring protection from degradation tags such as 3’-uridylation (Xie et al.
2005; Yuetal. 2005; Li et al. 2005). After stabilization, mature miRNA is loaded on to
AGOIL for RISC formation. This step is important since only one strand (guide/miR)
of the dsRNA duplex is selected for loading by a mechanism which is non-random.
The other strand of the duplex (passenger/miR*) is destroyed (Eamens et al. 2009;
Iki et al. 2010). The molecular basis of strand selection has been deciphered and is
known to be influenced by several factors. For example, the thermodynamic stability
at the 5'-end of the double-stranded small RNA is a crucial determinant for selec-
tion. In other words, of the two strands, the strand displaying relatively higher AU
content or bearing mismatches at the 5" end is opted for loading onto RISC (Khvorova
et al. 2003). Most plant miRNAs have an over-representation of 5'-terminal uridine
to facilitate incorporation into AGO while the 19" position, is usually a Cytosine
(Eamens et al. 2009; Manavella et al. 2012). The 5’-U is seldom ever seen in the
miR* strands and is instead over-represented for 5'-terminal A. Other structural
features such as position of bulges within the miRNA/miRNA* duplex structures
affect which AGO member would be associated with miRNA/miRNA* (Ren et al.
2014). Intricate details are available that describe miRNA biogenesis and nuclear
export with key players being DCL1, DOUBLE STRANDED RNA BINDINGI1
(DRB1) also known as or HYPONASTIC LEAVES1 (HYL1), and HASTY (Papp
et al. 2003; Park et al. 2005) and various other aspects of RISC loading (Baumberger
and Baulcombe 2005; Eamens et al. 2009). The miRNAs are distinct from siRNAs
which mostly occur in three sizes (21-, 22-, and 24-nt) in plants. In sharp contrast
with miRNAs, which originate from distinct genetic loci, origin of varied classes
of siRNAs is diverse. The siRNAs may be triggered by exogenous factors, endoge-
nous natural phenomenon, and even as a secondary reaction of miRNA-mediated
target silencing. Whereas miRNAs emerge from imperfectly complementary hair-
pinned precursors representing intra-molecular interactions, the siRNAs originate
from long perfectly complementary dsRNAs via inter-molecular hybridizations by
hierarchical and redundant activity of several dicers (DCL4, DCL2, and DCL3)
(Axtell 2013; Fusaro et al. 2006). Whereas miRNAs act in trans and repress activity
of genes that are present on distinct loci, siRNAs may suppress gene activity in both
cis and trans (Axtell 2013). Another feature that distinguishes miRNAs from siRNA
is the ability of latter to amplify silencing signal by generating “transitive” siRNAs.
Sequence analysis of small RNA fractions shows that the secondary siRNAs map
to regions within and around the target locus (Himber et al. 2003; Schwab and
Voinnet 2010). As mentioned earlier, the two well-defined mechanisms by which
plant miRNAs are known to silence target genes post-transcriptionally are transcript
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cleavage and/or translation repression (reviewed in Voinnet 2009; Yu et al. 2017).
Both these mechanisms rely on miRNA pairing up with target transcript on a specific
binding motif termed as miRNA binding site (Jones-Rhoades et al. 2006). Broadly,
plant miRNAs demonstrate substantial base-pairing with targets relative to animal
miRNAs wherein partial base-pairing also results in down-regulation of target tran-
scripts. The speciality of extensive base-pairing of plant miRNAs has been leveraged
for computational prediction of target sequences (Jones-Rhoades and Bartel 2004).
The cleavage occurs precisely at a site complementary to position 10/11 on the
miRNA with an over-represented A at position 10 (Song et al. 2004). Translational
inhibition is the predominant mechanism in animals wherein the miRNA anneals with
3’-UTR regions harboring the binding site despite several mismatches. By contrast,
in plants, the miRNA binding site is embedded within the coding sequence and
binding requires higher number of matches. Further, experimental studies suggesst
that transcript cleavage is the more prevalent mechanism by which miRNAs repress
the target genes (Chen 2009; Aukerman and Sakai 2003; Llave et al. 2002; Kasschau
et al. 2003; Palatnik et al. 2003). Few miRNAs such as miR172 and miR 156, repress
respective target genes by both transcriptional cleavage and translational inhibition
(Aukerman and Sakai 2003; Chen 2004; Gandikota et al. 2007; Lauter et al. 2005;
Mlotshwa et al. 2006; Schwab et al. 2005; Wu and Poethig 2006). Once the target
transcript is recognized, it is sliced at a specific position (Llave et al. 2002). The
molecular mechanisms of miRNA mediated translational inhibition are still being
unraveled. In the following account, the prevailing themes for molecular basis of
target selection by miRNA will be discussed which constitutes the basis for design
of amiRNAs.

6.1.2.4 Patterns of Natural miRNA Pairing for Selection of Targets:
Rules of Target Recognition by amiRNAs

The prime motivation of accurate prediction of miRNA targets has been to enhance
development of technologies for intended silencing of genes. Since plant miRNA
sequences bear a near-perfect complementarity, computational and statistical anal-
yses combined with comparative genomics permit efficient prediction of miRNA
targets (Llave et al. 2002; Reinhart et al. 2002; Sunkar and Zhu 2004). Many of
the initial studies showed that for plant miRNAs to effectively recognize target
transcripts, the number of mismatches with respective binding motifs must not
exceed three (Aukerman and Sakai 2003; Chen 2004, Vaucheret et al. 2004; Jones-
Rhoades and Bartel 2004). Experimental analyses of genome-wide expression data
of an over-expressing miRNA mutant, however, showed that plant miRNAs could
direct cleavage of transcripts despite up to five mismatches (Palatnik et al. 2003).
Other sophisticated and systematic experiments based on genome-wide expression
profiling were subsequently designed to empirically determine rules for selection of
targets by plant miRNAs. The experimental innovation involved tracking one-on-
one, interactions of miRNAs with the respective targets using plant transcriptome to



86 A. Singh and S. Das

understand and develop parameters that specify recognition of targets by miRNAs
(Schwab et al. 2005).

Trend analyses of mismatches using a large number of functional miRNAs and
respective targets broadly indicated that complementarity to the 5'-terminal and
central region is crucially important though mismatches may be tolerated at the 3'-
end (Mallory et al. 2004). The base-pairing at 5’-end, plausibly, enables RNA-RNA
hybrid formation which is crucial for efficiency of RISC-mediated cleavage (Ameres
etal. 2007). The positions 2-12 of the miRNA, also termed as seed region, are partic-
ularly sensitive to mismatches (Schwab et al. 2005). Most natural miRNAs show a
perfect binding in this region with a maximum of one mismatch to the target. The
single allowable mismatch, however, is never found in the position 10/11 that coin-
cides with the cleavage site. Thermodynamic analysis of binding energy of miRNAs
paired with targets suggests low free energy not exceeding 72% of a perfect match.
Only one mismatch is tolerated in the region complementary to nucleotides 2-12
of the miRNA, but not at the cleavage site. This implies that a single mismatch at
5’-end of the miRNA does not impair the cleavage so long as the mismatch position
is not at 10/11. However, detailed inspection reveals that a combination of several
factors may abolish a binding. For example, even though mismatches outside the
seed region, at the 3’ end of the miRNA and a single mismatch at 5" end, alone, do
not interfere with binding, but presence of more than two consecutive mismatches at
the 3’ end of the miRNA abolished the binding if this configuration was combined
with a single mismatch in the 5’ region even if the mismatch in the latter was not
at position 10/11 of the miRNA. Similarly, stability conferred by upto 10 matches
in the 5’ end, can be off-set by a contiguous run of over three mismatches at the 3’
terminal of the miRNA (Schwab et al. 2005).

6.1.2.5 Conventional RNAi-Based Technologies in Plants

Historically, RNAi-based phenomenon were already recognized for their applica-
bility in functional analyses of unknown plant genes and trait modification (Napoli
et al.1990; Jorgensen et al. 2006). One of conventional RNAi technologies derived
from PTGS, popularly used in plants till date, relies on triggering production of
siRNAs capable of silencing endogenous gene (Watson et al. 2005). The basic
trick involves engineering target gene sequence as an inverted repeat in a silencing
construct to potentiate the transgene specific long dsRNA into forming a fold-
back structure. The potency of such an RNAi construct increased manifold when
a natural intron was engineered in splicing configuration to stabilize the hairpin
loop (Wesley et al. 2001). Hence the term ihpRNA (Intron spliced hairpin RNAsS).
Thereafter, several proof-of-principle studies testing the potential of variants of
ihpRNA constructs were published (Chuang and Meyerowitz 2000; Wesley et al.
2001; Kerschen et al. 2004; Smith et al. 2000). At CSIRO (http://www.pi.csiro.au/
rnai/), vectors (p(HANNIBAL, pHELLSGATE, etc.) are commercially available that
facilitate easy and high-throughput cloning in silencing constructs for functional
genomics.
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TGS based RNAI tools are not popular in plants. This method involves generating
siRNAs from unique hairpins designed to target non-coding regions in the vicinity
of promoters. The overall purpose is to elicit widespread promoter methylation and
chromatin modification via RNA-directed DNA methylation (RADM) to achieve
target gene silencing (Matzke and Mosher 2014). RNAi has been employed exten-
sively for crop improvement (Andrade and Hunter 2016; Guo et al. 2016; Tang et al.
2007; Regina et al. 2006). VIGS approaches have also been applied for provoking the
production of siRNAs against target genes. In nature, an important aspect of plant
protection is ability to target hair-pinned double-stranded viral RNA after infec-
tion when the viruses replicate. These dsRNA moieties attract Dicers to produce
siRNAs (Molnér et al. 2005). An understanding of these natural mechanisms has
made it possible to target the native copy within the plant genome upon viral infec-
tion (Voinnet 2005). Overall, the RNAi-based silencing technology is a powerful
platform for large-scale functional genomics. The mutant alleles thus generated are
dominant in nature and permit easy functional analysis.

6.1.2.6 Challenges of Conventional RNAi Technologies: Lack
of Specificity and Unintended “Off-Target Silencing”

The traditional siRNA-based RNAIi technologies, although effective, suffer from a
major drawback. The siRNAs specific to a target transcript, tend to pair with “unin-
tended targets,” albeit with partial complementarity, to trigger potent silencing (Sethil
Kumar and Mysore 2011). This results in undesirable non-specific silencing and
the phenomenon is termed as “off-target silencing.” The first instance of off-target
silencing was reported in mammalian cell cultures (Jackson et al. 2003; Aimee et al.
2006). Several studies reported that siRNAs bearing differing degrees of complemen-
tarity could silence unintended targets (Lin et al. 2005). Detailed analyses revealed
that off-target transcript silencing occurred when seed region of miRNA showed
complementarity with the 3’-UTRs of transcripts (Jackson et al. 2006). To this effect,
computational tools have been developed for prediction of off-targets during PTGS
(Xu et al. 2006). It is speculated that double-stranded self-complementary transcripts
may give rise to a large diversity of siRNAs from hitherto undetermined cleavage
sites by DCLs. Purely by chance, some siRNAs may have sufficient complementarity
to an appropriate sequence context on other transcripts not meant to be silenced, such
that all sequence-based determinants and energetic requirements are met. Specifi-
cally, VIGS and PTGS-based silencing technologies have often reported off-target
silencing which severely limits their applicability in crop improvement (Auer and
Frederick 2009). For example, commercial RNAi knock out mutant lines available
at stock centers such as AGRIKOLA (http://www.agrikola.org) are likely to suffer
from widespread off-target silencing and need to be analysed with caution (Sethil
Kumar and Mysore 2011). From the perspective of trait modification and functional
genomics, the possibility of off-target silencing needs to be carefully assessed since
silencing of unintended transcripts may result in manifestation of unrelated pheno-
types. Till date, off-target silencing remains a major challenge while deploying RNAi
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technology for crop improvement and functional genomics. Phenotypes resulting
from silencing of unknown genes, beyond the intended target, make functional anal-
yses confounding. For example, a mutant displaying multiple phenotypic modifica-
tions could suggest both off-target silencing and pleiotropy. Tighter constraints are
to be imposed if RNAi-based technology is designed to engineer traits. Instances of
off-target silencing can result in inadvertent silencing of essential traits in the genetic
background of a crop variety. Until the molecular intricacies underlying siRNA medi-
ated silencing are deeply understood, the RNAi-based technologies must be applied in
a conservative manner.

6.1.2.7 amiRNA Technology: The Promise of Specificity and Efficiency

Inspired by the unique mechanisms by which natural miRNAs recognize target tran-
scripts, several scientists posited the possibility of using natural miRNA precursors as
asurrogate to achieve processing of an synthetic miRNA sequence to silence any gene
of choice. The potential of such amiRNA-based gene silencing technology was envis-
aged to be far-reaching and impactful relative to other RNAi technologies. Unlike
siRNAs, mature miRNAs bind to target transcripts at a specific and defined site on the
target transcripts. The mechanistic aspects of sequential release of mature miRNAs
by DCL1 from pri- and precursor miRNAs are well understood. Furthermore, the
empirical parameters by which miRNA guides RISC to repress target transcripts
are fairly well characterized. By comparison, sequence diversity among siRNAs is
immense when designed to target a specific transcript. The, heterogenous siRNAs
can potentially pair up at different regions within the target transcript. As a result,
the specificity of any siRNAs-based gene silencing method is often compromised.
Besides, siRNAs are derived from numerous sources, with pathways and molecular
determinants presenting a mind-boggling complexity to adapt as a silencing method-
ology. By contrast, mature miRNAs recognize and bind with only ~21-nt target
transcript region rendering miRNAs as more specific. These features suggested the
possibility of designing amiRNAs capable of specific and potent silencing of target
genes.

The design of amiRNA technology was conceived and successfully implemented
by Zeng et al. (2002). These workers validated the theoretical possibility of in-vivo
production of synthetic miRNAs for silencing a set of target genes in HelLa cell
lines. Soon after, amiRNA technology was also demonstrated in model plant species
A. thaliana (Parizotto et al. 2004) for silencing of reporter gene expression. More
examples followed confirming efficiency of up to 90% and specificity of amiRNA
technology (Alvarez et al. 2006; Schwab et al. 2006; Choi et al. 2007; Mathieu et al.
2007; Niu et al. 2006; Qu et al. 2007). Today, amiRNA-based silencing protocols are
well established and are opted routinely for functional studies and crop improvement.

The principle underlying amiRNA technology is based on the knowledge that
proper configuration and secondary structure of the miRNA precursor sequences,
including position of mismatch bulges and loops, constitute critical determinants
for biogenesis of miRNA-miRNA* duplex. In other words, the DCL1 recognizes
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specific and unique structural features on precursor stem loop and not any sequence.
Conceptually, therefore, engineering two substitution events that replace the true
miRNA and miRNA* borne on natural precursors with synthetic miRNA/miRNA*
sequences, while also preserving the secondary structure of precursor, should resultin
efficient processing of amiRNA/—amiRNA* duplex by DCL1. Thus, amiRNA tech-
nology aims at dodging the DCL1 microprocessor to release the amiRNA sequences
by embedding these into the scaffold of precursor structures. Designing miRNAs,
however, is beyond a mere genetic engineering feat. It uses site-directed-mutagenesis
for replacement of natural miRNA and miRNA* sequences on the precursor with
artificial ones. Selection of an appropriate candidate sequence that will be processed
as a mature 21-nt amiRNA requires an in-depth understanding of the rules that govern
specific recognition of targets by natural miRNAs while preventing any inadvertent
silencing of unintended targets. A favorable feature of amiRNAs is that their expres-
sion can be regulated by suitable promoters to achieve down-regulation of targets
in pre-defined spatio-temporal domains. The amiRNA technology gained popularity
as it avoids problems encountered in siRNA-based technologies. The PTGS-based
methodologies often failed either on account of inadequate expression of siRNAs or
inability of siRNAs to bind with targets. Further, feedback regulation of target genes
for maintenance of steady state levels of target transcripts also presented undesirable
outcomes. The sophisticated design of amiRNAs circumvents most of such difficul-
ties. The sequence of amiRNAs can be carefully chosen and optimized for properties
that favor efficient silencing of small RNAs. The specificity of amiRNAs and its
programmable format to achieve both specific and/or redundant silencing of target
transcripts has provided immense flexibility. A key advantage of amiRNA technology
has been accuracy and efficiency of silencing. In plants, a single gene is targeted by
a single miRNA. In contrast, in animals, multiple miRNAs may target a single gene
(Axtelletal. 2011; Krek et al. 2005). This has been the guiding principle for designing
and employing a amiRNA for silencing of a “single” plant target gene, an approach
termed as “single-hit” amiRNA (Schwab et al. 2006; Ossowski et al. 2008; Teotia
et al. 2016). The various design tools generally predict multiple amiRNA sequences
that need to be tested for performance. Experimental findings reveal that silencing
efficiencies of these amiRNAs, if compared, may vary (Hu et al. 2014; Sharma et al.
2019). As a solution, a “two-hit” amiRNA with multiple amiRNAs for the same
target gene has been recommended to achieve maximal silencing efficiency (Teotia
et al. 2016).

Few leading research groups have generated automated web-based free-ware
(WMD, Web-based MicroRNA Designer, http://wmd2.weigelworld.org; P-SAMS;
Table 6.1) to facilitate even beginners to design miRNAs against the gene or genes of
interest using a set of parameters (Schwab et al. 2006; Carbonnel 2017, 2019). The
only requirement for designing an efficient and specific amiRNA, however, is avail-
ability of whole genome transcriptome data to screen out candidates with potential to
trigger off-target silencing. The robustness of such tools increases with availability
of transcriptome data. The tools may even benefit from other databases such as EST
collections available in public domain (e.g. Guo et al. 2020; Kozomara et al. 2019).
While designing work-flow (discussed in following sections in detail), care is taken to
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S. No | amiRNA designer Remarks Reference/website
resource site/tool
1 WMD3 One of the first amiRNA Schwab et al. (2006)
http://wmd3.weigelworld. | designer tool; permits
org/cgi-bin/webapp.cgi amiRNA prediction against a
large variety of organisms and
has a wider use
2 P-SAMS Web-based amiRNA and Fahlgreen et al. (2016)
http://p-sams.carringto synthetic tasi-RNA designer
nlab.org/ tool for gene silencing in a
wide variety of plants
3 http://smallrna.mtu.edu/ | Allows selection of miR157 | http://smallrna.mtu.edu/
dna_vector/submit.htm or miR168 to be used as dna_vector/submit.htm
(MicroRNA designer) backbone for amiRNA
synthesis. Design is limited
by sequence only and does
not allow use of gene IDs.
The site does not have any
genome/expression dataset to
compare the query sequence
4 amiRNA designer Semi-automated, Mickiewicz et al. (2016)
http://www.cs.put.poznan. | downloadable off-line
plarybarczyk/AmiRNA/ | program
5 miRNA-SONG A web based tool for Barta et al. (2016)
https://www2.med.muni. | designing of “sponges” for
cz/histology/miRNAsong/ | sequestration of miRNA
6 miR-Synth Designed specifically for Lagana et al. (2014)
http://microrna.osumc. humans, mouse and rat. Need
edu/mir-synth to upload target and
non-target sequence/s (up to
8)
7 https://labs.biology.ucsd. | amiRNA library collection for | Hauser et al. (2013, 2019)
edu/schroeder/phanto Arabidopsis thaliana
mdb.html

implement principles and features of natural miRNAs to achieve maximum efficiency
and specificity. The remaining section will provide details using WMD platform as
a case example. The WMD tool facilitates generation of amiRNAs-based silencing
constructs in two steps. In the first step, amiRNA candidates are selected and ranked
according to predicted efficiency and specificity. This entails in silico scanning of
target transcript(s) for selection of an optimal region against which, if an amiRNA
is designed, the interaction would meet maximum number of criteria that govern
interaction of a natural miRNA with its target. The software selects 21-nt potential
regions after scanning the reverse complement of entire transcript while ensuring
several parameters. Most importantly, the position 10 of the amiR must be an A. The


http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
http://p-sams.carringtonlab.org/
http://smallrna.mtu.edu/dna_vector/submit.htm
http://smallrna.mtu.edu/dna_vector/submit.htm
http://www.cs.put.poznan.pl/arybarczyk/AmiRNA/
https://www2.med.muni.cz/histology/miRNAsong/
http://microrna.osumc.edu/mir-synth
https://labs.biology.ucsd.edu/schroeder/phantomdb.html

6 Slicing Messengers by Artificial Designs ... 91

predicted amiRNA must display 5’ instability implying AU content to be higher rela-
tive to 3’ end which must ideally be GC rich especially around position 19. The WMD
tool intentionally adds a U at 1% position of 5’ end even in cases where base-pairing
rules predicts other nucleotides. The selected candidates qualifying these coarse
criteria are subjected to fine screening. Iterative in silico mutations, specifically at
two regions, viz., 13-15 and 17-21, are created to simulate the hybridization charac-
teristics to a defined target transcript while ensuring that more than two mismatches
do not occur as consecutive runs. The software is programmed to select amiRNAs
that show perfect match in the seed region (position 2-12 of the amiRNA). However,
a single mismatch may be tolerated if sequence context of targets does not present
an ideal region. The stringency at position 10 and 11, coinciding with slicing site
is much higher and any mismatch on this position is disallowed. A maximum of
four mismatches are allowed in the 3’ region around position 13-21, however, over
two adjacently positioned mismatches in this region are rejected. The software also
imposes empirically determined parameters for thermodynamics. The free energy
AG of binding of predicted amiRNA should be at least 70% of a perfectly matched
duplex and at least 30 kcal/mol. These concepts have been derived from RNAcofold
(Bernhart et al. 2006) and mfold (Zuker 2003). If an amiRNA is to be designed to
silence multiple transcripts, the constraints will be greater with trade-offs. In such
cases, the interactions with the subsequent transcripts may be less stringent. Addi-
tional finer aspects include intentional introduction of mismatches between positions
17-21. This is done to avert transitivity.

In the second step, the WMD tool aids a researcher in designing primers via
an oligo-designer tool to facilitate exchange of the natural miRNA-miRNA* with
the artificial counterparts predicted in the step 1. To enable engineering of selected
candidate for amiRNA and amiRNA*, the precursor for miR319a cloned in a routine
plasmid vector is to be used. Other precursor backbones may also be used as demon-
strated in several studies involving MIR164b, MIR159a, MIRI171, and MIRI72a
(Alvarez et al. 2006; Niu et al. 2006; Parizotto et al. 2004; Schwab et al. 2006,
respectively). Oligo-designer predicts four sets of primers, for carrying out over-
lapping PCR on the precursor backbone which finally results in replacement of
miRNA-miRNA* with amiRNA: amiRNA*. Three sets of primers are used in distinct
PCR reactions using the vector backbone lodging the precursor as a template. The
regions to be amplified 5’ sequences covering amiRNA*, the loop including sequence
corresponding to amiRNA* up till amiRNA, and 3’ region including amiRNA.
The three amplicons bear overlapping sequences (25 bp) corresponding to amiRNA
and amiRNA* and can therefore be easily fused in the 4™ PCR reaction to reconstitute
a precursor harboring amiRNA: amiRNA*. The silencing construct thus generated
may be shuttled into a suitable plant transformation vector and introgressed into the
plants.

Once transgenics have been generated, the efficacy of the amiRNAs needs to
be validated. This involves detection of mature miRNA which is indicative of
proper biogenesis from the mutated precursor backbone. For this, small RNA-based
Northern blots using amiRNA specific probes may be used (Aukerman and Sakai
2003). Alternatively, stem-loop primed reverse transcription method proposed by
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Chen et al. (2005) may be adapted for detection of amiRNAs. Transcript cleavage
may also be detected by RACE-PCR (Llave et al. 2002). Quantitation of decreased
transcript levels may also be tested by designing RT-PCR primers spanning the
presumptive cleavage site. Further, the stem-loop PCR-based method devised for
detection of miRNAs may be used for detecting cleaved transcripts (Tyagi et al.
2018, 2019; Dhakate et al. 2014; Shivaraj and Singh 2015). It may be worthwhile
to first test the efficiency of amiRNAs using transient Agro-co-infiltration assays in
N. benthamiana as described by De Felippes and Weigel (2010), since generation of
stable transgenics is challenging.

In the following section, work-flow of popular web-based platforms will be
discussed.

6.2 Artificial microRNA Based Tools: Design
and Engineering

Several tools have been developed and are available as public resources for designing
and engineering of amiRNA against candidate gene/s in plants and salient features
of a select few are discussed below. Table 6.1 provides a representative list of web
and software resources that have been developed for designing amiRNA for gene
silencing. A variety of microRNA precursor sequences have been employed as back-
bones for engineering of amiRNA, the primary criterion being high levels of endoge-
nous expression levels. Since the mechanism of biogenesis of miRNA is highly
conserved across organisms, heterologous systems for engineering of amiRNAs have
been used. However, usage of precursor backbones from native system for engi-
neering of amiRNA is preferred (Cantd-Pastor et al. 2015), Gossypium (Ali et al.
2013), Medicago truncatula (Devers et al. 2013), Malus domestica (Charrier et al.
2019), Marchantia polymorpha (Flores-Sandoval et al. 2016) (Table 6.2).

6.2.1 Web MicroRNA Designer

One of the first tools that was developed is the WMD tool. The current version
(WMD3) is versatile and user friendly (http://wmd3.weigelworld.org; Schwab et al.
2006). The web-resource is free-to-use and allows researchers to design and engineer
miRNAs against a wide variety of plants over a wide taxonomic spectrum. The
following section provides a step-wise guide for using the WMD3 tool. Five tabs,
viz., Target search, Designer, Oligo, Hybridize, and BLAST, constitute the core
tools for amiRNA design which are described below (Fig. 6.1). Besides, important
information may be accessed from Help and Download section.
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Precursor sequences used as backbone for engineering of artificial miRNAs

S. No. | MIRNA precursor Plant source Vector(s) Reference
1 MIR319 Arabidopsis pRS300 Schwab et al.
thaliana (2006)
2 MIR528 Oryza sativa pNWS55 Warthmann et al.
(2008), Yan et al.
(2012)
3 a. MIR390 a. O. sativa Carbonell et al.
b. OsMIR390 + b. Chimeric (2015)
AthMIR390a precursor
proximal
sequence from
0. sativa and
distal stemloop
end from
A.thaliana
4 MIR390a A. thaliana AtMIR390a-B/c Carbonell et al.
vectors (2014)
5 MIRI1157 Chlamydomonas | pChlamiRNAT1 and Molnar et al.
reinhardtii pChlamiRNA?2 (2009)
6 MIRI168a A. thaliana pPZamiR-2 POT Bhagwat et al.
series (2013)
7 MIR395 polycistronic | O. sativa -
precursor
8 MIRI159b A.thaliana - Belide et al.
(2012)
9 MIR159a A.thaliana - Lafforgue et al.
(2013)
10 a. MIR319a a. A. thaliana Universal vector pUA | Zhou et al.
b. MIR528 b. O.sativa (2013)
11 MIR156d Malus domestica | — Charrier et al.
(2019)
12 MIR156, MIR164, A.thaliana pEARLY GATE Liang et al.
MIRI171 (2019)
13 MIR164 Triticum aestivum | — Gasparis et al.
(2017)
14 MIR528 0. sativa pTAC Lietal. (2014c¢)
15 MIR319a, MIR395a | A.thaliana pMIR319a;pMIR395a | Liang et al.
(2012)
16 MIR319e Vitis vinifera - Castro et al.
(2016)
17 a. MIR160 a. Marchantia - Flores-Sandoval
b. MIR166 polymorpha et al. (2016)
b. Selaginella
kraussiana

(continued)
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Table 6.2 (continued)

S. No. | MIRNA precursor Plant source Vector(s) Reference

18 MIR169a Gossypium - Ali et al. (2013)

19 MIR159b Medicago - Devers et al.
truncatula (2013)

20 MIR408 Populus Shi et al. (2010)
trichocarpa

21 MIR166 Lemna gibba Cant6-Pastor

et al. (2015)

22 MIR319a Nicotiana MIR VIGS (artificial | Tang et al. (2010)

benthamiana miRNAs in VIGS)

Target search: The basic purpose of this tool is to align any short sequence
with the transcriptome or EST databases of the multitude of databases representing
nearly the entire spectrum of plant kingdom. The tool is based on GenomeMapper
developed as a part of 1001 genome project (http://www.1001genomes.org). This
feature has been recruited to scan the transcripts for potential match with candidate
miRNAs, endogenous or artificially designed. The target search parameters allow
users to optimize the selection of candidates by simulating various parameters such
as number of mismatches, dG (kcal/mol), hybridization temperature, strand selection,
and indels. The output is a list of gene identifiers corresponding to the transcripts
ranked based on dG values.

Designer: The designer tab allows users to design specific amiRNAs against
one or multiple transcripts present in the transcriptome databases. The user may
provide information about candidate gene(s) in various input formats such as gene
ID or as FASTA sequence format. Gene ID may be retrieved using the BLAST tool
implemented within WMD3 to identify homologs. User may also provide FASTA
file of transcripts that are not part of any transcript database such as marker genes.
WMD3 also permits users to design and silence splice forms of transcripts using
amiRNAs. This entails providing the splice-form specific sequence as FASTA file in
the input window and adding the gene IDs of non-target splice-forms as off-targets.
For designing of amiRNA against multiple genes, the number of genes to be silenced
has to be entered in “acceptable off-target” window. BLAST or Target search tools
could be used to retrieve gene IDs, and multiple genes with similar sequences.

The designer window also provides options for choosing the “minimum number of
targets to be included,” and “accepted off-targets” for amiRNA-mediated silencing.
To ensure gene-specific silencing, the “off-targets” are recommended to be kept at
“0.” In case members of gene family or paralogous copies from polyploid genome
are to be redundantly silenced, the number of homologs as candidate targets needs
to be identified based on BLAST search. The output of Designer tool is received
as an email-link and contains a list of amiRNAs ranked based on multiple criteria
including degree of 5’ instability, hybridization energies to perfectly matched target
(no mismatch) and intended target (may contain mismatch), number and position(s)
of mistmatch, pairing with other non-target gene(s) with up to five mismatches.
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Fig. 6.1 Schematic representation of workflow of Web MicroRNA Designer (WMD3) tool for
design of artificial miRNAs. The WMD3 program integrates several tools viz. Target Search,
Designer, BLAST, Hybridize, and Oligo. The results obtained from BLAST and Target search
may be used to optimize the amiRNA design parameters including number of included and off-
targets in the Designer tool. The output obtained from Designer tool can be used to identify targets

using Target Search, evaluate hybridization kinetics using Hybridize tool,

and design primers for

amiRNA engineering using Oligo tool. The workflow between the various tools are interlinked, and

marked with solid directional arrows (black)
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The selection of amiRNA from the list should be further based on criteria such as
“no mismatch between position 2-12 of the amiRNA,” “1-2 mismatches between
position 18-21 of the amiRNA,” “hybridization energy to range between —35 to —
38 kcal/mol,” “target-site position,” and “mismatch pattern for all intended targets
for redundant silencing of multiple targets.”

Oligo: Once the user has selected an appropriate amiRNA, it needs to be engi-
neered into an appropriate MIRNA precursor using overlapping PCR. This is accom-
plished via four PCR reactions using two precursor-specific oligos, and four oligos
that span the amiRNA and precursor. The overlapping PCR results in substitution of
native mature miRNA and miRNA* sequence with amiRNA and amiRNA*. WMD?3
tool allows users to select precursor backbone of MIR319a of Arabidopsis thaliana
(pRS300 vector; Schwab et al. 2006), MIR528 of Oryza sativa (pNWS55 vector;
Warthmann et al. 2008) or MIR1157 of Chlamydomonas reinhardtii (pChlamiRNA2,
3 vector; Molnar et al. 2009). The oligos spanning the amiRNA with a specific
precursor backbone can be designed by first selecting the desired precursor back-
bone and then entering the selected amiRNA in the input window which returns
back the four oligos for use as primers. The oligos contain the amiRNA, and their
complementary sequence flanked by sequences complementary to the precursor to
facilitate overlapping PCR for engineering (Table 6.2; Fig. 6.1).

6.2.2 The Plant Small RNA Maker Suite (P-SAMS)

The P-SAMS was developed by Carrington group and tool has two options, to design
an amiRNA or to design synthetic tasi-RNA (syn-tasiRNA) (http://p-sams.carringto
nlab.org/; Fahlgren et al. 2016). The amiRNA designer allows design of amiRNA
against candidates available in transcript database(s) of 24 plant species including
algae, dicots, and monocots (Table 6.3). The designer is optimized to predict primers
for engineering of amiRNA in MIR390a precursor of Arabidopsis thaliana or MIR390
precursor of Oryza sativa. Alternatively, if the user already has amiRNA sequences,
then P-SAMS tool allows primer prediction for cloning purposes (Fig. 6.2a).

The work-flow for designing of amiRNA begins by the user selecting a transcrip-
tome database. Alternatively, the user may instead use a FASTA file of candidate tran-
script for prediction of amiRNA. In the former scenario, further options of use of
either a gene ID or FASTA sequence file of candidate transcript is available. Either
way, by entering multiple IDs or multi-FASTA file, it is possible to design a single
amiRNA to target multiple targets. The use of transcript database is recommended
if the intended amiRINA is meant to be used for silencing transcripts present in the
database. Additionally, use of filter on the database provides a mean for avoiding off-
targets. For this, the input sequence, either as a gene ID or as a FASTA file, is termed
as “foreground set” and serves to generate a set of 21-nt sequences. All the 21-nt
sequences are compared against the transcript database, termed as the “background
set,” in case the “target specificity filter” is applied. All the 21-nt sequences from
foreground set that match perfectly with sequences from background set between
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Table 6.3 Transcript database available for designing of amiRNA in P-SAMS

Taxonomic category | Family Genus

Green algae Chlamydomonadaceae Chlamydomonas reinhardtii (v5.5)
Dicot Rosid/Brassicaceae Arabidopsis thaliana (TAIR10)

Dicot Rosid/Brassicaceae Camelina sativa (v2)

Dicot Rosid/Cucurbitaceae Cucurbita pepo (v4.1)

Dicot Rosid/Fabaceae Glycine max (Wm82.a2.v1)

Dicot Rosid/Fabaceae Vigna angularis (v3)

Dicot Rosid/Malvaceae Gossypium hirsutum (NBI AD1 v1.1)
Dicot Rosid/Rosaceae Malus domestica (v1.0)

Dicot Rosid/Euphorbiaceae Manihot esculenta (v4, v6.1)

Dicot Rosid/Salicaceae Populus trichocarpa (v3.1)

Dicot Rosid/Vitaceae Vitis vinifera (Genoscape 12X)

Dicot Asterid/Solanaceae Nicotiana benthamiana (v1.0.1; v5; v5.1)
Dicot Asterid/Solanaceae Nicotiana tabacum (BX; K326; TN90)
Dicot Asterid/Solanaceae Solanum tuberosum (v3.4)

Dicot Asterid/Solanaceae Solanum lycopersicum (iTAG v2.3)
Dicot Asterids/Apiaceae Daucus carota (v2.0)

Monocot Poaceae/Brachypodieae | Brachypodium distachyon (v1.2; v2.1)
Monocot Poaceae/Pooideae Hordeum vulgare (082214v1.30)
Monocot Poaceae/Pooideae Triticum aestivum (TGACv1)
Monocot Poaceae/Oryzoideae Oryza sativa (v1.0)

Monocot Poaceae/Panicoideae Setaria italica (v2.1)

Monocot Poaceae/Panicoideae Setaria viridis (v1)

Monocot Poaceae/Panicoideae Sorghum bicolor (v2.1;v3.1.1)
Monocot Poaceae/Panicoideae Zea mays (v6a)

positions 6-20 are discarded. This way, the filter minimizes off-target silencing by
excluding undesired 21-nt candidates. The remaining candidates in the foreground
set are grouped based on nucleotide matches at positions 1, 2, 3, and 21 and amiRNAs
are predicted for each group. The amiRNA is designed such that the 5’ end is U, a G
occupies at position 3 and corresponding to a C in the target. Further, the 21st position
is intentionally mismatched. Once the tool has predicted amiRNAs, “TargetFinder”
tool is employed (Allen et al. 2005; Fahlgren et al. 2007; Fahlgren and Carrington
2010) to identify targets from the specified database. Three optimal amiRNA candi-
dates are suggested per prediction. The tool finally generates the primers required for
synthesis and engineering of amiRNA in the MIR390 precursor of either A. thaliana
or O. sativa (Fig. 6.2a). A detailed step-by-step experimental guide is provided both
at the weblink and also in the publication (Carbonell 2019).
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Fig. 6.2 Schematic representation of workflow of P-SAMS (a) and amiRNA Design (b) tool.
In both P-SAMS (a) and amiRNA Design (b), multiple steps are implemented in a specific and
sequential order. In this process, results from one step generate the input data for the next step. The
various steps are implemented in a unidirectional manner (solid arrows)

6.2.3 amiRNA Design/MicroRNA Designer

This is yet another amiRNA designer tool, developed in Prof. Guiliang Tang’s lab,
which permits limited user-defined criteria (http://smallrna.mtu.edu/dna_vector/sub
mit.htm). The webpages for design of amiRNA are sequential, and begin with the user
entering a nucleotide sequence against which amiRNA is to be designed. Relative
to other tools, here, the user does not have the option to select any existing database
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to identify close homologs, or gene IDs. Once the target sequence is submitted, the
program generates its reverse complement and prompts the user to select MIR157 or
MIR168 precursor. Up to three amiRNAs are predicted without information about
the hybridization energy, position, and mismatch information, and the user can then
perform BLAST against the Arabidopsis thaliana genome to identify potential off-
targets. Once a desired amiRNA is selected, the user can design primer sets for
engineering in the pre-selected precursor backbone (Fig. 6.2b).

6.2.4 amiRNA Designer

This new tool for amiRNA design is available for download and used as a local
installation (http://www.cs.put.poznan.pl/arybarczyk/AmiRNA/; Mickiewicz et al.
2016). It allows users to customize and alter the design parameters depending on the
requirement. The authors state that experimental validation of amiRNA designed by
other tools such as WMD?3, often times fail to achieve optimal silencing efficien-
cies, as these use limited parameters for prediction (Li et al. 2013; Mickiewicz et al.
2016). Keeping in mind the drawbacks associated with other tools, the authors created
a sophisticated amiRNA Designer program that compares free energy decomposi-
tion profile of the amiRNA-target to those of known miRNA/miRNA* and miRNA
targets. The authors claim that the predictions based on the newly developed tool are
more accurate and amiRNAs demonstate greater silencing efficiencies. The amiRNA
Designer is a semi-automated program that allows researchers to use a preset design
parameters. Alternatively, the user may modify the parameters using perl scripts
available at the download site. The program first requires users to load data under
the “Perspective” tab using a defined “InputDescriptor” format. The InputDescriptor
contains datasets of miRNA including sequence of precursor and mature miRNA,
coordinates, miRNA ID, target dataset as separate input files. These are required
to generate thermodynamic profiles of miRNA-target interactions. The input file is
processed to generate secondary structures for both miRNA-miRNA* precursor and
miRNA-target, with respective thermodynamic profiles. The thermodynamic profiles
as input data (as text, csv, or Excel file) is subsequently used by “Design” tool along
with target gene sequence data. After this step, the Design tool selects appropriate
target site and predicts amiRNA. The next few steps act as filters and the program
predicts and analyses the secondary structure of amiRNA-target, the free energy
of hybridization, and compares with the data generated during the “input” stage of
miRNA-target, to create an optimal amiRNA list. The user can choose to alter design
criteria and parameters including relaxing the stringency, introducing mismatches,
or base substitution in the amiRNAs (Mickiewicz et al. 2016).


http://www.cs.put.poznan.pl/arybarczyk/AmiRNA/

100 A. Singh and S. Das

6.3 Artificial miRNA-Mediated Gene Silencing: Case
Studies on Functional Genomics and Trait Modification

amiRNA-mediated gene silencing is a preferred strategy primarily owing to speci-
ficity rendered for preventing off-target silencing. Using amiRNA platform, it is now
possible to knock-down genes in virtually any plant system where a reasonably high
level of genome-wide transcript information is available. Opportunities now exist for
functional genomics and introduction of novel traits even in non-model organisms
such as Cenchrus ciliaris, Centaurea, Cichorium, Eschscholzia, Gerbera, Gingko,
Ipomoea, Leymus, Micromonas. Especially in context to crops, flexible format of
amiRNA design permits determining role of a single gene or members of entire
gene families. It is also possible to dissect functions of alleles, paralogous and
homoelogous copies and even splice variants (Fig. 6.3). Further, unraveling func-
tional divergence among closely related genes as well divergent orthologous genes

Allopotyplokd
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Fig. 6.3 Aurtificial miRNA technology is based on highly specific complementary base-pairing
between a 21-nt small RNA and target mRNA. This requirement of precise base-pairing can be used
to silence any desired sequence such as alleles, homeologs, paralogs (a), or splice forms (b) present
in diploid or polyploid genomes. The alleles, homeologs, and paralogs are indicated with slightly
different shade of the color indicating sequence variation. In panel 3A, various silencing scenarios
are contextualized to diploid, auto-, and allo-polyploid in interest of clarity. However, these scenarios
are not exclusive to any ploidy level. Careful designing of amiRNAs against unique sequences permit
selective silencing of candidate transcript(s) originating from a single locus. AmiRNAs designed
against shared or conserved sequences also allow multiple loci to be silenced in a redundant manner
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is now tenable. All these aspects qualify amiRNA technology as a powerful tool for
analysing gene functions in polyploid crops. Even diploid crops harboring multiple
gene copies are likely to benefit from amiRNA technology. Furthermore, the miRNAs
can be regulated by a range of natural and synthetic promoters that are available for
precise regulation of candidate targets in a tissue-specific, or inducible manner. As
the technology matures, novel and unique modifications will increase the spectrum
of applications. In the following section, case studies are described to illustrate the
adoption of this technology in plant species (Table 6.4).

6.3.1 Gene Silencing in Polyploid System: Brassica Species
as Case Study

Brassica species constitute a major source of oil-seed and vegetable worldwide
(Rakow 2004; Warwick et al. 2019). Genome-wide analysis of Brassica species
reveals a unique genome architecture suggesting an interesting evolutionary history.
A sub-genome structure harboring multiple gene copies is evident not only in Bras-
sica species but also other members of Brassicaceae. Evolutionary biologists hypoth-
esize that recurrent whole genome duplication in common ancestors resulted in
establishment of multiple gene copies. The multiple gene copies within polyploid
genomes are termed as “homeologs” which are reported to undergo divergence at
both sequence and functional level. The outcome of gene diversification can be
manifold. Gene homeologs may be either functionally redundant or acquire novel
functions, a phenomenon commonly known as neo-functionalization. Alternatively,
a homeolog may lose its function and persist in the genomes as pseudogenes. All
these aspects make functional characterization of gene homeologs important but also
challenging (Lysak et al. 2005, 2007; Schranz et al. 2006; Wang et al. 2011; Cheng
et al. 2018; Liu et al. 2014; Lee et al. 2020). amiRNAs have enabled dissection of
gene function in Brassicas. The following account summarizes representative case
studies.

amiRNA design for redundant silencing of SHPI and SHP2: In one of the first
reported case study, the potential of amiRNAs for simultaneous down-regulation
of paralogs was tested. In A. thaliana, SHATTERPROOF1 (SHP1) and SHATTER-
PROOF?2 (SHP2) are involved in fruit dehiscence. Since spontaneous pod-shattering
causes yield losses, silencing of SHPI and SHP2 promises shatter resistance (Lilje-
gren et al. 2000). The authors surveyed natural variation in SHP1 and SHP2 homolgs
across Brassica species. Two amiRNAs were designed with differing hybridization
energies and predicted for differing cleavage efficiency (Dhakate et al. 2014). In this
study, the potential of redundant silencing of paralogous genes was demonstrated
through a transient assay system in N. benthamiana. Co-infiltration of either of the
amiRNAs (amiRNA-SHP1 or amiRNA-SHP2) with SHPI or SHP2 from B. napus
(AACC; allotetraploid), B. juncea (AABB; allotetraploid), and A. thaliana (diploid)
revealed that amiRNA-SHP?2 could redundantly direct the cleavage of the paralogous
copies of SHPI and SHP2 (Dhakate et al. 2014).
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Functional characterization of FLOWERING LOCUS T: Implementing a
complementary approach of over-expression and amiRNA-meditated silencing, the
researchers investigated the function of 7" homologs in the genetic background of
B.juncea var. Varuna and f#-10 mutant in A. thaliana. A single amiRNA was designed
against FT from B. juncea and engineered in the backbone of A. thaliana MIR319a
under the control of CaMV35S promoter. The amiRNA was designed to redundantly
silence multiple F7 homeologs present in the B. juncea genome (Tyagi et al. 2018).
The applicability of FT-amiRNA in targeting F'T transcripts from as many as 17 culti-
vars of six Brassica species was predicted. This was based on sequence complemen-
tarity and thermodynamics of hybridization. A significant correlation was observed
between the transcript levels of FT-amiRNA and the extent of target cleavage in
the transgenic lines of B. juncea. Silencing of FT through amiRNA led to severely
delayed flowering, rudimentary siliques with non-viable seeds, small and constricted
stomata on leaves, revealing multiple roles of FT homeologs during plant develop-
ment (Tyagi et al. 2018). The study suggested the potential of deploying designed
amiRNA in a wider germplasm of Brassica.

Role of SUPPRESSOR OF OVEREXPRESSION OF CONSTANSI: Flowering
time control is a key life-history trait and the role of SOC/ in model plant, A. thaliana
is well known. However, at the time of the study, detailed characterization of SOCI
from polyploid Brassica species was not examined; neither additional roles of SOCI
were deciphered. Tyagi et al. (2019) designed amiRNA for analysing the Brassica
SOCI function. Withdrawal of B. juncea SOCI function was achieved by predicting
amiRNA against Brassica SOCI. Analysis of the transgenic lines revealed successful
cleavage of Brassica SOCI transcripts. Sequence characterization of the cleaved
products of B. juncea SOCI were found to map to the two progenitor genomes
of the allotetraploid B. juncea. Phenotyping of the SOC1-amiRNA lines showed
delayed flowering in B. juncea by up to 13 days. Delayed flowering was accompanied
by altered fatty acid profile in developing seeds including levels of saturated fatty
acid (SFA), and unsaturated fatty acids. Among other traits, redundant silencing of
Brassica SOCI resulted in reduced number of lateral branches, number of siliques on
main and lateral branches, seed weight, and seed yield revealing additional roles of
SOCI conferred, plausibly by distinct homeologs, during development (Tyagi et al.
2019).

Altered fatty acid profile: Enhancement in saturated fatty acid content in B.
napus was achieved by simultaneous up-regulation of fatty acyl-ACP thioesterase
B (BnFatB) and down-regulation of stearoyl-ACP desaturases (BnSADs). B. napus
genome contains eight copies of BnSADs- BnaA-SADI, BnaA-SAD?2, BnaC-SADI,
BnaC-SAD2, BnDES5a, BuDES5b, BnDES5c, and BnDES5d. In order to achieve
redundant silencing of all the eight copies, two amiRNAs were predicted. While the
first amiRNA was designed to target BnDES5a, BnDES5b, BnDES5c, and BnDES5d
(BnSADamiR1), the second one targeted BnaA-SADI1, BnaA-SAD2, BnaC-SADI,
and BrnaC-SAD2 (BnSADamiR?2). A single construct containing the two amiRNAs,
along with BnFatB cassette was generated. All the cassettes were under the control
of seed-specific napin promoter and used for B. napus transformation. Stemloop
PCR analysis of transgenic seeds showed high levels of the two amiRNAs with
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reduced levels of all the eight copies of BnSADs implying that the amiRNAs were
able to redundantly silence homeologous and paralogous copies of stearoyl-ACP
desaturases present in the polyploid B. napus genome. Fatty acid content and profile
analysis showed that the total saturated fatty acid content increased by up to 45%
in transgenic plants. The triacylglycerol content was similarly altered. Finally, the
increase in saturated fatty acid was also correlated to increase in melting temperature
from —10 °C in untransformed plants to +15 °C in transgenic lines with high SFA
(Sun et al. 2013).

Seed sinapine content manipulation: Reduced seed sinapine content is a desir-
able trait with recommended levels of < 3.0 mg/g of dry seed weight (DSW) for
animals and < 1.0 mg/g DSW for humans. Two genes, SGT encoding UDP-glucose:
sinapate glucosyltransferase and SCT encoding sinapoylglucose:choline sinapoyl-
transferase, are required for sinapine biosynthesis. In order to achieve the recom-
mended levels in B. juncea, the authors first isolated four paralogs of SGT and
two paralogs of SCT from B. juncea. Three parallel RNAi-based strategies including
amiRNA were devised. Transcriptional regulation of the RNAIi constructs were under
the control of napin promoter for SGT, or native promoter for SCT. The amiRNAs
were able to silence the paralogous copies of SGT, and SCT. Analysis of sinapine
content in seeds of transgenic lines of B. juncea obtained with the three approaches
revealed 11% reduction using amiRNA (Kajla et al. 2017).

Disease resistance and immunity: The role of a miRNA dependent phasiRNA
was investigated by generating an amiRNA using the phasiRNA for functional
characterization. The miRNA, miR1885 was found to directly silence a resistance
gene BraTNLI, a member of TIR-NBS-LRR class of disease resistance genes.
A phasiRNA, phasiR130-4 is produced in a miR1885-dependent manner in B.
napus through trans-acting small interfering RNAs (ta-siRNAs)-mediated silencing
employing the Trans-Acting Silencing (TAS) gene BraTIRI during Turnip mosaic
virus (TuMV) infection. The miR1885-dependent phasiRNA targets photosynthesis-
related gene BraCP24. In order to understand the role, an amiRNA, amiR130-4
was created by cloning the phasiRNA, phasiR130-4 in the AthMIR159 backbone.
The amiR130-4 was transiently coexpressed with wild-type or mutated BraCP24
(BraCP24m) in N. benthamiana to confirm interaction. The dual role of miR1885 in
modulating development and immunity was established (Cui et al. 2020).

6.3.2 Functional Genomics

The following section presents case examples wherein amiRNA technology has been
used for unraveling gene function in diverse species.

amiRNA library for functional genomics in A. thaliana: Computationally
derived miRNAs were predicted for 18117 loci with 22000 target classes in the
A. thaliana genome and family-specific amiRNAs were designed. Based on compu-
tational prediction, 22000 amiRNAs were synthesized as sub-libraries, with each
library containing between 1500—4000 amiRNAs. The amiRNAs with a potential to
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silence up to 16 genes were selected based on defined parameters including up to five
mismatches in a gap-less alignment; one hit per gene; no off-targets; minimum two
targets, as implemented in WMD tool (Hauser et al. 2013, 2019). Libraries specific to
genes with specific functional classes include those targeting protein kinases, phos-
phatases, transporter proteins, zinc finger proteins, MAPKKKSs, unknown proteins
were characterized. Functional analysis of transgenic plants with amiRNA against
zinc finger homeodomain and MAPKKK exhibited novel phenotypes. Phenotypes
of transgenic plants with amiRNAs against phosphatase families recapitulated those
reported earlier for loss-of-function mutants (Hauser et al. 2013, 2019). The amiRNA
library is available from ABRC as an amiRNA pool (sub-libraries) and as T3 gener-
ation seeds of the transgenic plants and constitutes a valuable resource for functional
genomics analysis (Hauser et al. 2013, 2019).

Multiplex gene silencing for functional genomics in A. thaliana and Oryza:
A database of nearly 533400 amiRNAs has been developed for silencing of about
27130 genes of the A. thaliana. In addition to designing amiRNAs achieving a near-
saturation coverage (98.9%) of gene space, the authors also used tRNA-miRNA
tandem repeats for devising a multiplexed gene silencing strategy. A novel rapid
screening methodology was developed with an amiRNA engineered within an intron
in the GFP reporter. Co-transcription of the reporter and the amiRNA allowed
the monitoring of the reporter as a proxy for amiRNA biogenesis and function,
which was also validated by testing the correlation between reporter activity and
amiRNA-mediated gene silencing. As a proof-of-concept, amiRNAs that could
redundantly silence multiple genes (GLK1-GLK2; APK2A-APK2B; SERKI-SERK?2-
SERK3-SERK4-SERKS) were characterized. In addition, amiRNAs that specifically
target splice variants, SR45.1 and SR45.2, involved in petal and root development,
respectively, were used. Finally, a tRNA-pre-miRNA system (tRNASY -premiR319a)
was developed that allowed co-transcription of five different amiRNAs (FLS2, EFR,
CERKI1, PEPRI, and RLP23) and silencing of the target candidate transcripts (Zhang
et al. 2018).

6.4 Advances in AmiRNA Technology

The amiRNA technology has now emerged as a powerful tool to dissect gene function
and for trait modification. Several researchers have successfully modified or adapted
amiRNA technology for various applications and illustrative examples are discussed
in the following section.

Chimeric amiRNA backbone: The idea of engineering a synthetic MIRNA
precursor backbone that can efficiently process a mature miRNA was conceptu-
alized. The natural precursor sequence of MIRNA genes is divided into three distinct
zones, a basal stem, the stem containing miRNA/miRNA*, and the distal loop.
An analysis of precursor length and secondary structures of MIRNA genes among
various species revealed that the distal stem-loop of MIR390a from A. thaliana
and MIR390 of O. sativa is among the shortest. It was speculated that this feature
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may contribute significantly to cost-effectiveness. The pre-Ath-miR390a is known
to express high levels of amiRNA in dicots (Carbonell et al. 2014). Given the short
size of MIR390 precursor from O. sativa, and high-expressivity of Ath-MIR390a,
a chimeric precursor backbone for monocots was designed. The applicability was
then examined in B. distachyon. Levels of mature miRNA and amiRNA from the
chimeric precursor were compared with unmodified precursor (OsMIR390). Highest
level of amiRNA accumulation was observed when the basal stem was derived from
O. sativa and the distal loop from A. thaliana. Analysis of amiRNA population in
these transgenic lines revealed that the possibility of off-target silencing was higher
when unmodified precursor of OsMIR390 was used (Carbonell et al. 2015).
Synthetic polycistronic amiRNA backbone: The potential of amiRNA tech-
nology can be further expanded if amiRNAs against multiple genes can be deliv-
ered simultaneously. In order to achieve this, a polycistronic amiRNA backbone
was assembled wherein miRNA precursor (Ath-miR319a) and tRNA (tRNASY)
sequences are tandemly arranged (Fig. 6.4; Zhang et al. 2018). The researchers
validated a construct design in which five different amiRNAs were engineered.
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Athepre-MiR3152 |

1A Gly

Ath-pre-MIRY 1 88 Ath-pre-MIR3 188 Ath-pre-MIRY1 9 Ath-pre-MIRY 198 Ath-pre-MIRD 198
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e — R o - -
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Fig. 6.4 Digrammatic representation of a synthetic polycistronic amiRNA delivery backbone.
Multiple copies of naturally occurring precursor sequences of MIR319a and tRNAYY are alter-
nately arranged and fused end-to-end to create a synthetic polycistronic backbone. Each of the
precursor can be engineered to replace the native miR319/miR319* with amiRNA/amiRNA*. The
synthetic pre-MIR319a-tRNA backbone is driven by a strong promoter to transcribe a polycistronic
RNA. The transcript mimics a primary miRNA with multiple hairpin loops of tRNA and miRNA.
The polycistronic RNA is processed to generate independent precursors with amiRNA which can
simultaneously silence different targets (Zhang et al. 2018). The sequences corresponding to native
miR319 and miR319* are indicated by red and blue boxes. In the present example, different
amiRNA/amiRNA* are denoted by different pairs of colored boxes
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The polycistronic construct harboring five amiRNAs, and targeting five different
immune receptor genes - FLS2, EFR, CERKI, PEPRI, and RLP23, was introduced
into A. thaliana. The transgenic lines showed down-regulation of the respective
targets (Zhang et al. 2018). Such polycistronic amiRNA delivery vector systems
based on Hordeum vulgare MIR171 backbone have been used against wheat dwarf
virus to confer tolerance (Kis et al. 2016).

Trans-acting small interfering RNA-based MicroRNA-induced Gene
Silencing (MIGS): ta-siRNAs are generated when TAS-transcripts are cleaved by
miR173. Further processing of these cleaved TAS-transcripts via a combination of
DCLA4 and RDRG6 activity lead to biogenesis of siRNAs which further contribute to
gene silencing (de Felippes and Weigel 2009; de Felippes et al. 2012; Jacobs et al.
2016). This aspect of tasi-RNA has been exploited to trigger potent silencing of target
genes. Toward this goal, the candidate gene to be silenced is fused with a miR173
target sequence derived from a TAS transcript. Such a chimeric transcript is then
introduced into the plant as a transgene. The chimeric transgene containing target
site for miR173 is cleaved to produce 21-nt small RNAs by DCL4. Following this,
the small RNAs guide silencing of the endogenous unmodified copy of the gene. This
process has been referred to as MicroRNA-induced Gene Silencing (de Felippes et al.
2012). Although amiRNAs are not involved in this strategy, the tasi-RNA pathway
is cleverly leveraged to elicit siRNA production against any locus of choice. Since
miR 173 is present only in A. thaliana and its close relatives, MIGS can be applied
in other species by co-expressing MIR173 along with target gene (Han et al. 2015).

Protoplasts as transient system for protein-based amiRNA screening method:
A protoplast-based method was developed for quick screening of not only amiRNA
efficiency and mode of action, but also quantification and accumulation of target
proteins (Li et al. 2013, 2014a; Zhang et al. 2017). In this method, the target mMRNA
is conjugated with Hemagglutinin (HA) as an epitope. The epitope levels can be
rapidly quantified through immunoblotting and densitometric scans using anti-HA
antibodies. When the HA-tagged target mRNA is co-infiltrated with amiRNA, the
amount of the HA serves to reflect the silencing efficiency of the amiRNA. The
authors validated and provide a proof-of-concept by using HA-tagged target mRNA
to a variety of A. thaliana genes including MEKKI (MEK kinase), PDS3 (phytoene
desaturase), NPKI-related Protein Kinasel (ANPI), ANP2, ANP3, MAPKKKI7,
MAPKKK]18, LysM Domain GPI-anchored Protein2 (LYM?2), and Zinc Finger of
Arabidopsis thaliana6 (ZAT6). HA-tagged transcripts were co-infiltrated in meso-
phyll protoplasts along with amiRNAs of differing potency and the level of HA was
determined by antibody. The data was further validated by generating stable trans-
genic lines with the candidate amiRNAs and phenotyped to support the transient assay
results (Li et al. 2013, 2014a; Zhang et al. 2017). The tool was also tested for redun-
dant silencing of paralogous members of gene families such as RECEPTOR FOR
ACTIVATED C KINASEI (RACK]I) family and the MAPKKK YDA family (ALPHA,
YDA, and RACKla, RACKIbGAMMA) members by using appropriately designed
amiRNAs. Finally, the authors combined a polycistronic precursor-based amiRNA
delivery system with the HA-tagged target transcript to detect cleavage efficiencies
(Li et al. 2013, 2014a; Zhang et al. 2017).
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MiRTrons for amiRNAs: MiRTrons are defined as miRNAs encoded by intronic
sequences of protein coding genes (Meng and Shao 2012; Joshi et al. 2012; Fonseca
et al. 2019). amiRNA-technology has been used to understand the process and
accuracy of miRTron biogenesis and their ability to correctly target the candidate
mRNA. Additionally, a combination of miRTrons and amiRNA technology has
been tested as a potential tool for manipulation of multiple genes (Shapulatov et al.
2018). This technique entails engineering either a natural miRNA such as miR319a
or amiRNAs against PHYB, LUC as a miRtron within LUC. The biogenesis and
silencing efficiencies have been tested and found to be satisfactory (Shapulatov et al.
2018).

6.5 Summary and Conclusions

The architecture of plant genomes is constantly shaped by dramatic and recurrent
genome duplication events that have resulted in polyploidy and increased copy
number of genes. Coupled with extensive segmental and local duplications, large-
scale expansion of genes is associated with genesis of homeologs that either trace
divergent evolutionary paths or remain conserved. Differential selection pressures
operative on such redundant genes determine their evolutionary fate. Duplicated
copies may diversify to acquire novel roles, referred to as neo-functionalization,
or decay as pseudogenized copies. Such diversification forms the molecular basis
of phenotypic diversity and adaptations. Dissection of the role of gene(s) is a prereq-
uisite to undertake crop improvement. However, redundant gene copies present in
diploid and polyploid pose major challenges in functional genomics. Routine use of
gain-of-function, and loss-of function strategies using constitutive over-expression
or T-DNA based mutagenesis, respectively, are not applicable for traits controlled
by redundant genes.

Gene silencing-based methodologies, mediated by small RNAs, such as siRNA
and miRNA, have revolutionized the landscape of functional genomics in plants as
these constitute potent gene silencing tools. siRNA-based gene silencing methods
suffer from lack of specificity and often silence unintended transcripts resulting in
undesirable off-target silencing. A heterogenous population of siRNA originating
from a single dsRNA template, a hallmark of siRNA biogenesis, may result in
scenarios wherein the siRNAs may share sequence complementarities with unin-
tended targets. By contrast, precursors of microRNA genes give rise to a homogenous
population of mature miRNAs thus minimizing instances of off-target silencing. The
miRNA biogenesis machinery recognizes structural features of the imperfect hairpin-
loop, and not the sequence per se, for correct processing. This permits substitution of
natural miRNA/miRNA* with suitable 21-nt sequences without distorting the struc-
tural properties of the backbone to achieve biogenesis of amiRNAs. Researchers have
exploited such fundamental features of miRNA biogenesis, mode, and mechanism
of action to develop amiRNA-technology for precise gene silencing. Based on a set
of well-defined rules that regulate biogenesis, incorporation of miRNA into RISC
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coupled with knowledge on parameters determining target pairing, several automated
or semi-automated programs have been developed for prediction of amiRNAs. Most
of the popular tools such as WMD3, P-SAMS, and AmiRNA Designer, commonly
used for design of amiRNAs provide access to transcriptome databases from a range
of plants. This is necessitated to identify candidate transcript sequence for designing
purposes, and to prevent off-target silencing through sequence comparison. Selec-
tion of appropriate criteria allows designing amiRNAs for selective targeting of
alleles, homeologs, splice variants, and also redundant silencing of multiple genes
for dissection of function. Several different natural miRNA precursor sequences
have been tested as backbone in which the native miRNA/miRNA* is replaced
with amiRNA/amiRNA*. There is a constant endeavour to modify and improve
the amiRNA technology for wider applications. Toward this, several innovative
approaches including use of chimeric backbone, synthetic polycistronic backbone,
protein-based screening methods for amiRNA efficiency, and miRTron encoded
amiRNAs have been developed. In last decade, amiRNA technology has been widely
adopted for functional genomics, and trait manipulation in plants.
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Chapter 7 ®)
Suppressor to Survival: RNAi st
as a Molecular Weapon in Arms Race

Between Virus and Host

Anurag Kumar Sahu, Neeti-Sanan Mishra, and Rajarshi Kumar Gaur

Abstract The sessile nature of the plant kingdom has developed various defense
strategies in response to viral attack with different degrees of success. RNA silencing
is an essential part of the cellular mechanism that controls transcription and plays
an important role in defense against virus infection. Viruses evade the plant defense
strategy, by encoding various “suppressor” molecules, which interact with the small
RNA species or the components of host RNA silencing machinery. The present
chapter aims to compile the plant defense strategies with the help of small RNA-omics
and their mode of action involved during plant—pathogen interactions. Finally, we
discuss the specific applications of the RNAi-based strategies and various suppression
proteins used during the counterattack of plant viruses.

Keywords VIGS - PTGS - Viral suppressors + RNA silencing + Small RNAs *
Antiviral strategy

7.1 Introduction

The breeders face many challenges during the development of virus resistant plants
such as the availability of virus resistance genes, the discovery of dominant molecular
markers linking with the pathogen resistance, and introgression of resistance into
susceptible cultivars. The incidence of the disease depends on vector population,
environmental conditions, and plant developmental stage (Legg and Thresh 2000).
Thus, it’s very challenging to develop the durable cultivars against plant viruses.
For a long period of time, DNA has been considered the main nucleic acid and
RNA as an intermediate molecule linking DNA with proteins or as a regulatory
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molecule. The discovery of long and short non-coding RNAs, with specific regulatory
roles, has completely changed the overview of RNA biology.

Over the last few years RNA-mediated gene silencing has become an intensively
studied biological phenomenon which involves gene regulation at different levels
including suppression of transcription, transcript degradation, or translation inhibi-
tion (Agrawal et al. 2003; Mishra and Mukherjee 2007). The phenomenon has been
found in natural virus resistance as well as in basic biological processes such as devel-
opment, gene regulation, and chromatin condensation. The viruses are both initiators
and targets of gene silencing (Pruss et al. 1997; Ratcliff et al. 1999). Virus Induced
Gene Silencing (VIGS) has now been developed for the study of functional genomics
to knock-down expression of endogenous plant genes by use of recombinant viruses
(D. C. Baulcombe 1999; Kumar 2019).

RNA silencing is a highly sequence-specific gene regulation system, which plays
an important role in maintaining the genome integrity in a wide variety of organisms.
Similar to animal system, the plants also exhibit two main types of sRNAs, i.e.,
miRNAs and siRNAs (Bortolamiol et al. 2008; Vaucheret 2006). The production of
sRNAs is either by double-stranded RNA (dsRNA) or from the folded structures by
Dicer-like proteins (DCLs), and is guided by Argonaute (AGO) proteins (Ruiz-Ferrer
and Voinnet 2009).

Post transcriptional gene-silencing (PTGS) is induced in response to virus attacks
or by similar other factors such as viroids, satellite RNAs, defecting RNAs, and
defecting-interfering RNAs (Yang et al. 2011). Plants utilize PTGS as an antibody-
like mechanism to recognize and eliminate those molecular pathogens efficiently
and specifically. Notably, every type of plant viruses (DNA, RNA-single or double
stranded, of positive or negative genome polarity) has to pass through the RNA stage
by forming a dsRNA, a progenitor of PTGS (D. Baulcombe 2004).

The activation of RNA silencing depends on RNA and DNA plant viruses via the
formation of dsRNA and siRNAs (Ding and Voinnet 2007). Virus-induced RNA
silencing occurs in three steps: initiation, amplification, and spreading (Voinnet
2008). When dsRNA is recognized by the same set of DCLs, responsible for the
biogenesis of 21-24 nt endogenous siRNAs, silencing occurs (Xie et al. 2004).
RNA-dependent RNA polymerases (RDRs) use single-stranded RNA (ssRNA) to
synthesize long, perfect dSRNAs (Curaba and Chen 2008; Schiebel et al. 1998),
which serve as a substrate for the formation of secondary siRNAs through DCLs
(Voinnet 2008). This secondary pool of siRNAs initiates the systemic silencing that
spreads throughout the plant (Molnar et al. 2010; Dunoyer et al. 2010). siRNAs asso-
ciate with distinct AGO-containing effector complexes where they target DNA or
RNA on complementarity basis (Hutvagner and Simard 2008).

To counteract viral RNA silencing, most plant and animal viruses have evolved
silencing suppressor proteins (Silhavy and Burgyédn 2004; Voinnet 2005). The molec-
ular basis for suppressor activity has been identified for several viruses, including
p21 of closteroviruses, HC-Pro of potyviruses, p19 of tombusviruses, and B2 protein
of Flock House virus (FHV). All three silencing suppressors are dsRNA-binding
proteins that interact physically with siRNA duplexes in vivo as well as in vitro,
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p19, HC-Pro, and p21 uniformly inhibit RNA silencing initiator complex formation
(Ghildiyal and Zamore 2009; Nayak et al. 2013; tenOever 2016).

The viruses evolved successful defensive strategy, where they acquired “sup-
pressor” functions and restrict the host silencing machinery and systemic spread in
the host. There is a wide diversity in the RNA Silencing Suppressor (RSSs) iden-
tified within the diverse viruses. In this chapter, we describe the different methods
of screening the RSSs and focus on case studies of well characterized suppressors
to follow their mechanism of action. The application of RSSs as important biolog-
ical tools in research processes is also discussed. Finally, the chapter presents overall
pictures about possible functions of siRNAs derived from endogenous viral elements
(EVEs) and role of small RNA pathways during viral infection in plants.

7.2 Plant Antiviral Defense Mechanism

RNA silencing or RNA interference (RNAI) is a conserved antiviral defense system
against pathogens including viruses. After infection, the first natural response is to
recognize “foreign” molecules, followed by the onset of various signals to alert plant
defense system (Ratcliff et al. 1997). A lot of information has emerged regarding
the mechanism and machineries of RNA silencing and has been explained as a new
tool for developing antiviral products in the area of agriculture and pharmacy (Haan
et al. 1992; Vlugt et al. 1992). Wide-range of studies have been performed in the
agriculture sector to improve the quality of foods, yields, and to remove undesirable
metabolites (Davies 2007). The use of RNAi showed an effective resistance against
plant-parasitic nematodes (Sindhu et al. 2008), coleopteran, and lepidopteran insects
(Gu and Knipple 2013). In the medical sector, efficient in-vivo delivery of siRNAs
for therapeutic benefit has been demonstrated in mice or bovine models (Uprichard
2005).

The first RNA silencing concept came in existence when Napoli and his co-
workers were trying to increase the flower pigmentation of petunia plants to over-
express the chalcone synthase (chs) gene (Napoli et al. 1990; Van der Krol et al.
1990). After that, RNA silencing was used for pathogen-derived resistance (PDR)
to produce virus resistant plants where recovered parts correlated with reduction of
viral mRNA in the cytoplasm. This indicated that the expression of viral proteins was
not only required for virus resistance, but also for untranslatable viral RNA which
plays an important role in resistance during pathogen attack (Lindbo and Dougherty
1992; Haan et al. 1992; Vlugt et al. 1992).

To explain the mechanism of silencing, Hamilton and Baulcombe (1999) proved
that plants with a silenced transgene accumulated small dsSRNA molecules iden-
tical to the transgene. They observed that the silencing of uidA gene (encoding
for B-glucuronidase, GUS) could prevent the accumulation of Potato Virus X
(PVX), suggesting a role in antiviral defense mechanism. The basic mechanism
of RNA silencing pathway is the cleavage of dsSRNA structure into 21-24 nt length
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Fig. 7.1 miRNA and various siRNA biogenesis pathways in plants. The arrow connecting the
miRNA and ta-siRNA pathway indicates the miRNA triggers the ta-siRNA pathway. Multiple
arrows in the nat-siRNA pathway indicate the RNA transcribed from the sense strand is being used
at multiple places in the pathway. mRNA cleavage in different silencing pathways is shown and the
DNA modification steps in the hc-siRNA pathway involve TGS (Modified from Vaucheret 2006)

small RNAs by DCLs (type III RNA endonucleases), RNA-dependent RNA poly-
merase (RARP), and AGO. The small RNAs includes the siRNAs (small interfering
RNAs) with their various sub-types, viz., ta-siRNA (trans acting siRNAs), ra-siRNA
(repeat associated siRNAs), vi-siRNA (viral siRNAs), nat-siRNA (natural antisense
siRNAs), etc., and the miRNAs (microRNAs) (Fig. 7.1). The RNA silencing occurs
either at cytoplasmic level known as PTGS or at nuclear level called Transcriptional
Gene Silencing (TGS).

7.2.1 PTGS as Antiviral Defense

RNA silencing is an innate antiviral defense system triggered in response to viral
infection. The dsRNAs derived from virus replication act as pathogen-associated
molecular patterns (PAMPs) and activate the pattern-recognition receptors (PRRs)
and DCL enzymes to make siRNAs (Zvereva and Pooggin 2012). The accumulated
siRNAs during viral infections are either loaded into the RISC effector complex to
guide specific localized silencing (Hammond et al. 2000, 2001; Elbashir et al. 2001;
Nykinen et al. 2001; Tang et al. 2003; Vazquez et al. 2004) or lead to systemic
silencing through the formation of transitive siRNAs (Agrawal et al. 2003).
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7.2.2 TGS as Antiviral Defense

The silencing pathway also operates at the nuclear level and is directed by the 21-24
nt siRNAs and miRNAs (Xie and Yu 2015; Teotia et al. 2017). It involves silencing
of heterochromatin by DNA methylation and modification of histone proteins at
post-transcriptional level (e.g. H3- methylation at lysine 9). This DNA methyla-
tion confers gene silencing and plays crucial roles in plant development and defense
against viruses generated by DCL3 with the help of AGO4 and RARP2 (Agrawal et al.
2003; Mishra and Mukherjee 2007) and transgenes by RNA-directed DNA methy-
lation (RdADM). Apart from antivirus defense, RADM mechanism guides chromatin
modifications and silences transposons in plants (Fig. 7.1).

7.3 Small RNA Pathways in Antiviral Defense

RNA silencing is an inducible defense pathway that uses siRNAs for specific targets
resulting in the inactivation of foreign nucleic acids invading the cells. The defensive
role of siRNAs against plant viruses became clear nearly a decade ago through two
experimental evidence: first, during virus infection long dsSRNAs are generated as
replicative intermediates or convergent transcription of viral RNAs that serve as a
potent trigger molecules for RNA silencing, suggesting the existence of an RNA-
directed antiviral defense mechanism (Lindbo et al. 1993). Second, plant viruses
were found to encode potent suppressors of silencing, an effective counter-defense
strategy (Anandalakshmi et al. 1998; Brigneti et al. 1998; Kasschau and Carrington
1998).

7.3.1 Virus Induced Gene Silencing

The siRNA produced during the first infection serves as “molecular memory” to
protect the plants against the similar or related virus threats (Pruss et al. 1997; F. G.
Ratcliff et al. 1997, 1999). This cross protection phenomenon now named as VIGS
was first reported by plant virologists during 1920. Soon after that VIGS was used
as an effective defensive tool during the plant virus infection (Ratcliff et al. 1997).
It was believed that plant viruses replicate via dsRNA intermediate, the principal
inducer of siRNA system. In the cross protection, it was observed that degradation of
desired mRNA is due to over expression of certain genes while using viral vectors.
Thus, the ability of recombinant viruses to knock down expression of endogenous
genes was known (Ruiz et al. 1998; Baulcombe 1999). VIGS is known to be an
efficient tool for the study of functional genomics in comparison to agroinfiltration
and biolistic gene gun methods. It is a cost-effective experiment generating rapid
characterization of phenotypes with an easy transformation. Several plant viruses
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Table 7.1 List of viruses

used for the construction of

VIGS vectors

A. K. Sahu et al.

Virus backbone

References

DNA virus

Tomato Golden Mosaic Virus
(TGMV)

Peele et al. (2001)

Cabbage Leaf Curl Virus
(CaLCV)

Turnage et al. (2002)

Tomato Leaf Curl Virus (ToLCV)

Pandey et al. (2009),
Huang et al. (2009)

Tomato Leaf Curl Virus satellite

Li et al. (2004)

Satellite DNAP of Tomato Yellow

Tao and Zhou (2004)

Leaf Curl China Virus
Tobacco Curly Shoot Virus

Li et al. (2018)

RNA virus and their satellites
Tobacco Mosaic Virus (TMV)

Kumagai et al. (1995),
Lacomme et al. (2003)

Gosselé et al. (2002)

Satellite Tobacco Mosaic Virus
(STMV)

Potato Virus X (PVX)
Tobacco Rattle Virus (TRV)
Barley Stripe Mosaic Virus

Ruiz et al. (1998)
Ratcliff et al. (2001)
Holzberg et al. (2002)

(BSMV)W

Pea Early Browning Virus Constantin et al. (2004)
(PEBV)

Brome Mosaic Virus (BMV) Ding et al. (2006)
Bean Pod Mottle Virus Zhang et al. (2006)

Cucumber Mosaic Virus (CMV)
Tomato Mosaic Virus (ToMV)

Sudarshana et al. (2006)
Andolfo et al. (2014)

including Tobacco mosaic virus (TMV) have been modified for the study of VIGS.
TMV was the first VIGS-based vector used for phytoene desaturase (pds) silencing
in Nicotiana benthamiana (Kumagai et al. 1995). A list of commonly used VIGS
vectors is provided in Table 7.1.

7.3.2 MicroRNA as an Antiviral Defense

miRNAs have emerged as important players regulating the expression of both host
and viral genes at post-transcriptional levels (Fig. 7.1) (Naqvi et al. 2010, 2011;
Pradhan et al. 2015). These non-coding RNAs (20-24 nt) bind to and initiate
the degradation of complementary mRNAs followed by translational inhibition. A
specific set of miRNAs are differentially expressed during virus infection in different
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plant-virus interactions (Khraiwesh et al. 2012; Pradhan et al. 2015). Expression
of several miRNAs such as miR159, miR156, miR164, miR166, miR160/167, and
miR 170 was found to modify the targeted transcription factors related to development
like LEAFY, SQUAMOSA PROMOTER BINDING LIKE PROTEIN, Homeodomain-
leucine zipper, AUXIN RESPONSIVE FACTOR, SCARECROW among others.
Although various studies have been done on various plant species unraveling the
significance of miRNAs during virus infection, the precise function of the most is
still unidentified.

7.3.3 Suppressor of RNAi

Plant viruses infect wide variety of plant species resulting in a range of symptoms and
damages by invading the plant defense system. They encode protein molecules known
as “suppressors” and interfere at different levels of silencing pathways (Voinnet
et al. 1999; Shi et al. 2002). This interaction results in infection and replication of
plant viruses within the host cell and its systemic spreading. Diverse group of viral
suppressors (RSSs) including coat protein, movement protein, and proteases have
been identified with no sequence homology (Anandalakshmi et al. 1998; Brigneti
et al. 1998; Kasschau and Carrington 1998). It has also been identified that the
activity of suppressors is coupled with the host transcription factors for effective
results (Hartitz et al. 1999). The RSSs target the various effectors of the silencing
pathway, such as viral RNA recognition, dicing, RISC assembly, RNA targeting, and
amplification (Fig. 7.2 and Table 7.2). Management of these multifunctional RSSs
can be used to eradicate the virus threat.

uv
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fallowed by silencing
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{Transgenic)

Fig. 7.2 Schematic representation of GFP reversal assay—Agrobacterium transient assay to show
that ChilCV-AC?2 acts as a suppressor of RNA silencing. Panel 1 shows the non-infiltrated leaf of
GFP silenced tobacco leaf. Panels 2, 3 and 4 show different time point, GFP silenced leaves of
tobacco agroinfiltrated with pPCAMBIA1302- ChilCV-AC2. All the pictures were taken after 5, 9
and 11 dpi under UV light
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Table 7.2 List of RNA silencing suppressors identified from different viruses
Virus genus Virus Suppressor | Other viral References
function
DNA viruses
Begomovirus | African cassava AC2 Transcriptional | Voinnet et al. (1999)
mosaic virus activator
Tomato yellow leaf | C2 Transcriptional | Vanitharani et al.
curl virus activator (2004)
Curtovirus ACMV AC2 Transcriptional | Wang et al. (2003)
TGMV AC4 activator Dong et al. (2003)
TYLCV-C AL2 van Wezel et al. (2002)
BCTV Cc2
Positive strand RNA viruses
Carmovirus Turnip crinkle virus | P38 Coat protein Thomas et al. (2003)
Potyvirus Potato virus Y HC-Pro Long-distance Voinnet et al. (1999)
Tobacco etch virus | HC-Pro movement Lu et al. (2004)
Turnip mosaic virus | HC-Pro Polyprotein Lu et al. (2004)
processing
Cucumovirus | Cucumber mosaic | 2b Movement Lu et al. (2004)
virus Tomato 2b
aspermy virus
Sobemovirus | Rice yellow mosaic | P1 Movement Brigneti et al. (1998)
virus Lucy et al. (2000)
Tombusvirus Artichoke mottled | P19 Pathogenesis Yelina et al. (2002)
crinkle virus determinant Pfeffer et al. (2002)
Carnation Italian P19 Movement Voinnet et al. (2000)
ringspot virus
Tomato bushy stunt | P19 Brigneti et al. (1998)
virus
Cymbidium P19 Anandalakshmi et al.
ringspot virus (1998)
Tobamovirus | Tomato mosaic P130 Replication Dunoyer et al. (2004)
virus protein
Closterovirus | Beet yellows virus | P21 Replicational Qu et al. (2003)
enhancer
Pecluvirus Peanut clump virus | P15 Movement Voinnet et al. (1999)
Poleovirus Beet Western PO Pathogenesis Reed et al. (2003)
yellows virus related
Potexvirus Potato virus X P25 Movement Voinnet et al. (1999)
Negative-strand RNA viruses
Tospovirus Tomato spotted wilt | NSs Virulence Takeda et al. (2002)
virus Bucher et al. (2003)
Tenuivirus Rice hojablanca NS3 None known Bucher et al. (2003)

virus
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7.4 Approaches for the Identification of RSS

Simple and reliable functional assays to detect RSSs activity greatly accelerated their
discovery. Functional identification and characterization of RSS facilitated to under-
stand its involvement in the RNA silencing pathway. It also provided insights into
the evolutionary arms race between the host and the pathogens during pathogenicity.
For identification and characterization of RSSs, three major screening processes are
described based on the role of viral proteins in RNA-mediated silencing of a reporter
gene: (1) a gene, (2) the inducer, and (3) putative suppressor viral proteins. Delivery
of the RSS can be done either by agroinfiltration or by crossing the silenced plant with
the one expressing RSS or by using viral vectors (Cao et al. 2005; Niu et al. 2009).
Some of the commonly used assays for RSS identification are discussed below:

7.4.1 Agroinfiltration and Reversal Assays

Agrobacterium-based transient expression tool is a very convenient and efficient
method for generating silenced plants. This method is regularly used for initial
verification of suppressing activity of viral proteins by using reporter gene like
beta-glucoronidase (GUS) and green fluorescent protein (GFP). The infiltration of
RNAI constructs against the reporter gene will initiate RNA silencing and typically it
becomes silenced after three to five days. In the presence of a candidate RSS protein,
there will be suppression of silencing and the reporter gene expression will remain
at its high level or even for increased time duration.

7.4.2 Reversal of Transgene Induced Silencing

The screening of viral RSS proteins was achieved based on the rescue of RNA-
mediated silencing of reporter genes like GFP or GUS. The most commonly used
in planta assay is based on transgenic tobacco plants constitutively silenced for a
reporter gene (Elmayan and Vaucheret 1996). The RSS activity has been found to
vary for the homologous proteins encoded by virus of the same genus (Mangwende
etal. 2009; Sundaresan et al. 2020). The RSS activity can be assayed by restoration of
reporter gene expression, indicating that the tested construct encodes aRSS (Fig. 7.2).
This also enables to know the specificity of siRNA-RSS interaction and the role of
RSS based on site-directed mutagenesis.
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7.4.3 Crossing Assay

Another method involves generating stable transgenics of the silenced reporter gene
and overexpressing the candidate viral RSS (Anandalakshmi et al. 1998; Kasschau
and Carrington 1998; Kasschau et al. 2003; Chapman et al. 2004; Dunoyer et al.
2004). It involves a cross between those two transgenics and the resulting progeny
is screened for the reporter gene expression (Anandalakshmi et al. 1998; Kasschau
and Carrington 1998). However, this is an intensive laborious method and the over-
expression of RSS in the plant affects seed formation and developmental defects
(Anandalakshmi et al. 1998).

7.4.4 Grafting Assay

Grafting assay is found to be most reliable to study suppression of silencing in plants
but time consuming. The systemic movement of RSS can be assayed by grafting of
a reporter gene-expressing scion to a silenced rootstock. Due to the spread of RSS
activity there will be no effect on the reporter gene expression in the scions.

7.5 Mechanism of RNA Silencing Suppression

In the PTGS, the complex machinery recognizes the viral RNA, resulting in its
degradation. RSS initially acts on functional components of the mechanism and
suppresses the siRNA activity, thus breaking plant defense response (Table 7.2 and
Fig. 7.2) (Carrington et al. 2001; Li and Ding 2001; Baulcombe 2002; Roth and
Breaker 2004; Silhavy and Burgyan 2004; Karjee et al. 2010). Despite the fact and
knowledge of RSS, the fundamental mechanism of this virus—host interaction is still
a mystery. The common mechanisms of these interactions are discussed below:

7.5.1 Binding of Long dsRNAs: Inhibition of the Dicing Steps

Long and small dsRNA serve as a major inducer and effector molecule, respectively,
and inhibit the host defense system. The binding of RSS either protect it from the
DCL-dependent degradation (long dsRNA) or prevents their sorting into the AGO
containing RISC complex (small dsRNA) thus inhibiting the processing of sSIRNAs
(Mérai et al. 2006). Interaction of these dSRNA was much explored in diverse groups
of viruses like tombusvirus P19, closterovirus P21, carmovirus CP, pecluvirus p15,
hordeivirus QB, potyvirus HC-Pro, CMV-2b (cucumber mosaic virus) (Goto et al.
2007; Lakatos et al. 2006; Singh et al. 2009; Ye and Patel 2005). The mechanism of
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RNA binding for these suppressor proteins varies from the type of RSS (Chen et al.
2008). P19 protein forms a caliper-like structure by extending its S-sheet surface
and R-helix whereas TAV2b interacts with siRNA by forming a pair of hook-like
structures. Unlike P19 and TAV2b, few RSSs (e.g., p14, FHV-B2) interfere with the
function of miRNAs and siRNAs (Singh et al. 2009).

7.5.2 Binding to Biogenesis Components

Several RSSs have been found to directly affect the small RNA biogenesis by inter-
acting with DCLs. P38 of Turnip Crinkle Virus and P6 of CMV suppress the activity
of host DCL4 enzyme and inhibit defense response activities (Deleris et al. 2006;
Haas et al. 2008). During the virus threat, host RDRs (RDR1 and RDR6) have been
found to be involved in the siRNA biogenesis. These secondary siRNAs provide
essential antiviral immunity against CMV (Garcia-Ruiz et al. 2010; Ruiz-Ferrer and
Voinnet 2009; Wang et al. 2010) and MYMIV-AC2 (Mungbean yellow mosaic India
virus) (Kumar et al. 2015).

7.5.3 Viral Suppressors Preventing RISC Assembly

RSS interacts directly and indirectly to the AGO protein of RISC, thus preventing the
assembly and suppression activity of RISC. The 2b protein of CMV and Polerovirus-
encoded PO suppressor destabilizes AGO1 by interacting with its PAZ domain and
partially with PIWI domain, inhibiting the slicing activity of AGO1 (Bortolamiol et al.
2008; Ruiz-Ferrer and Voinnet 2009; Zhang et al. 2006). The X-ray crystallographic
study of TAV-2b-siRNA showed that 2b binds to long dsRNA (Goto et al. 2007) and
inhibits the production of viral secondary siRNAs (Diaz-Pendon et al. 2007). The
RSSs are believed to follow different pathways while interacting with siRNAs and
miRNAs or AGO proteins. In the presence of RSSs, the plants are not able to suppress
the spread of the viral infection as siRNAs are inactivated before the incorporation
into the RISC (Havelda et al. 2005) Whereas, in the absence of siRNA-binding-RSSs,
siRNAs activate the RISC and move faster than viral proteins, thereby establishing
the antiviral immunity and faster recovery of the plant (Havelda et al. 2003, 2005).

7.5.4 Interference with DNA Methylation

Some of the RSSs have the ability to cause reversal of TGS. For e.g., 2b protein of
CMV (Shan-Dong isolate) suppresses RNA-dependent DNA methylation (RADM)
by interacting with siRNAs involved in the process of AGO proteins in nucleolus
(Duan et al. 2012). In Arabidopsis, out of ten identified AGO proteins, only four are
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very well characterized and explored. AGO1 and AGO7 possess the slicer activity
of siRNA-guided endonucleolytic cleavage whereas AGO4 and AGO6 are required
for the establishment of DNA methylation during TGS (Baumberger and Baulcombe
2005; Montgomery et al. 2008; Zheng et al. 2007; Zilberman et al. 2004). Another
best example for reversal of TGS is by AC2 protein of Begomovirus and Curtovirus
genera, in which AC2 protein inactivates adenosine kinase, reducing the production
of methyl donor (SAM) and thus releasing TGS (Buchmann et al. 2009).

7.6 Components of RNAi Silencing Machinery

Based on small RNA omics, transcriptomics, and phylogenomics, the endogenous
small regulatory RNAs have been divided into miRNAs and siRNAs. These miRNAs
and siRNAs are generated by ssSRNA or dsRNA with the help of DCL and AGO
proteins (Fang and Qi 2016; Rogers and Chen 2013). Plant endogenous siRNAs
are further divided into hairpin-derived (hpsiRNAs), natural antisense transcript
(natsiRNAs), phased (phasiRNAs), and trans-acting siRNAs (tasiRNAs). These RNA
transcripts are cleaved as directed by miRNA, recruiting the RDR6 or RDR1 of RDR
family for generating dsRNA. These processed dsRNAs, further with the help of
DCLA4 and/or DCL 2, produce 21-22 nt siRNAs (Fig. 7.1).

7.6.1 Cis-Acting siRNAs as a Silencing Tool

RNA-based immune system showed that the endogenous or exogenous nucleic acids
are controlled by cis-acting 24 nt siRNAs that are generated from DCL3 from these
endogenous and exogenous nucleic acid molecules and degrades RNA from which
they are derived. This is referred to as auto-silencing by cis-acting siRNAs (Dunoyer
and Voinnet 2005; Gustafson et al. 2005; Lu et al. 2005; Worrall et al. 2019) (Fig. 7.1).

7.6.2 Trans-Acting siRNAs as a Silencing Tool

Trans-acting siRNAs or ta-siRNAs are derived from TAS loci processed from DCL4.
AGO- mediated miRNA direct the cleavage of the non-coding transcripts to produce
21nt tasiRNAs with the help of RDR6 followed by DCL4. Based on the binding site
on miRNAs, the TAS gene family is classified into four, where TAS1, TAS2, TAS4
require one binding site while TAS3 needs two binding sites for generating tasiRNAs
(Rhoades et al. 2002).
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7.6.3 Natural cis-Acting siRNAs as a Silencing Tool

Cis-nat-siRNA or natural cis-antisense siRNAs are another class of silencing tool
produced by the transcription of an antisense gene. There are two types of nat-
siRNAs, i.e., 24 nt nat-siRNA and 21nt-nat-siRNA. 24 nt nat-siRNAs are produced
during the environmental stress whereas 21 nt-nat-siRNAs are produced from the
cleavage of 24 nt nat-siRNAs by DCL1 and its function is still not know (Borsani
et al. 2005) (Fig. 7.1).

7.6.4 Anti-sense RNA

Antisense RNA is an RNA transcript that is complementary to endogenous mRNA
and similar to negative-sense viral RNA. Anti-sense RNA (asRNA) sequences were
used before the discovery of the engineering resistance against geminivirus (Day
et al. 1991). There have been numerous models developed for PTGS involved with
antisense and virus resistance. The expression of viral-derived antisense in transgenic
plants appear to induce more resistance and triggers a form of PTGS.

7.6.5 Targeting RNA Components of Silencing

p19 binds to the siRNAs efficiently and thus used for the isolation of siRNAs. This
dimeric protein has a nanomolar affinity with siRNAs and suppresses RNA interfer-
ence. There are many suppressor proteins, for example, Potato Virus X (PVX) p25
which acts similar to p19 and targets the siRNAs, resulting in an increased infection
in the plants (Silhavy et al. 2002; Voinnet et al. 2000).

7.6.6 Targeting Protein Components of Silencing

Sometimes suppressors proteins also target the host protein thus inhibiting the
silencing system. For example, HC-pro interacts with calmodulin related protein
(rgs-CaM) of the host and suppresses the RNA interference. rgs-CaM is a regulator
of gene silencing and acts as an antiviral and binds to the HC-Pro and CMV 2b
and degrades the viral RSS activity (Jeon et al. 2017). Besides the activation of
immune system in plants via rgs-CaM, inhibition of plant growth was also observed
by its overexpression. This may be the cause of evolution of receptor- based immune
receptors against the pathogens, which get induced only when required.
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7.6.7 Modifying Expression of Host Genes

Viral suppressor protein alters the activity of host proteins for the establishment of
diseases (Dong et al. 2003; Voinnet et al. 1999). For example, AC2/TrAP interacts
with host SNF1 and adenosine kinase, which is believed to be active during the
defense response (Hao et al. 2003). Geminivirus uses the host histones for their
DNA packing forming a chromosome-like structure known as minichromosome.
Castillo-Gonzalez et al. (2015) demonstrated that KRYPTONITE enzyme (SET
domain family) binds to these minichromosomes and methylates virus histones,
thus stops virus replication. In the presence of TrAP, the activity of KRYPTONITE
is blocked thus allowing the replication of viruses.

7.7 Implications for RNA Silencing Suppressor

Viruses regulate host cellular processes through the deployment of numerous RSSs
(Bisaro 2006). Due to diversity and multilateral actions of RSSs, it requires an effec-
tive defense strategy for plants to evade virus counter-defense. RNAi-based silencing
of RSSs is desirable to target the main determinant of pathogenicity in virus infec-
tion cycle. Effective negative regulation of RSSs deploying siRNAs (Praveen et al.
2010; Ramesh et al. 2007), artificial miRNAs (amiRNAs) (Q.-W. Niu et al. 20006),
and artificial transacting siRNAs (A. Singh et al. 2015) have imparted some virus
resistance. However, widespread infections by geminivirus under field conditions
combined with other infections might synergize or complement the effect of unre-
lated viruses (Vanitharani et al. 2004). There are following ways where RSSs can be
used as.

7.7.1 RSSs as Tools Unraveling the Molecular Basis
of Silencing

Due to the versatile range of actions targeting every aspect of RNA silencing, RSSs
can be used to unravel mechanistic understanding of both endogenous and antiviral
RNA silencing pathways. DCLs work in a hierarchical fashion and there is a complex
autoregulation of silencing pathways through feedback loops governed by DCLs and
AGOs activities (Molnar et al. 2010). This TCV-p38-based method could prevent
siRNA but not miRNA loading, suggesting at the localization of AGOI in distinct
cellular pools (Dunoyer et al. 2010). HC-Pro usage showed the presence of endoge-
nous regulators of silencing like rgs=CAM (Anandalakshmi et al. 2000). Further-
more, the study of RSSs has helped to understand the complex relationship between
RNA, protein-based immunity, and hormone regulation during pathogenesis.
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7.7.2 RSSs as Molecular Probes

In plants, local silencing is also spread over longer distances involving two distinct
siRNAs species (21 nt and 24 nt). It has been shown that the two siRNA species are
regulated by some silencing suppressors at different levels (A. Hamilton et al. 2002).
A surface plasmon resonance (SPR)-based miRNA sensing method was developed
which used the silencing suppressor, p19. In that method, the RNA probes are immo-
bilized on gold and miRNA:probes duplexes are recognized by p19. Similarly, p19
was used to detect miRNA in blood serum through protein-facilitated affinity capil-
lary electrophoresis (Berezovski and Khan 2013). These highly sensitive methods
have an edge over PCR-based techniques as they rule out amplification bias and
utilize viral suppressors for RNA silencing.

7.7.3 Enhancing Transgene Expression

RNA silencing greatly influences transgene expression and also interferes with the
production of transgenic commercial crops with predicted yield phenotypes. It is
also deployed through the miRNA pathway where long RNAs with strong secondary
structures are processed by DCL1 into 21-24 nt small RNAs (Reinhart and Bartel
2002). Because of the similarity between the miRNA and siRNA pathways, it was
speculated that RSSs could cause developmental defects in plants. Indeed, HC-Pro of
Turnip Mosaic Virus (TuMV) in Arabidopsis was shown to reduce the accumulation
of miRNAs with concomitant increase in the expression of target genes, resulting in
morphological defects similar to those of dcl-1 partial mutants (Kasschau et al. 2003;
Mallory etal. 2001; Pruss et al. 1997). This approach s fast, flexible, and reproducible
and is suitable for in planta production of heterologous proteins. However, this
approach has a limitation as heterologous protein expression usually gets reduced
after 2-3 days due to activation of RNA silencing machinery. Hence, co-delivery of
silencing suppressors in Agrobacterium cultures was found to enhance ectopic gene
expression (Johansen and Carrington 2001; Voinnet et al. 2000). Because of this,
p19 is widely used in the production of heterologous proteins in plants for industrial
and research purposes.

7.7.4 Development of Antiviral Strategies

RSSs are major defense factors against the antiviral RNA silencing strategies. Virus
mutants with attenuated ability to produce RSSs showed only mild disease symptoms.
The chemical compound impeding the suppression activity may act as an important
virucide against viruses infecting crops of importance (Shimura et al. 2008). Artificial
microRNA (amiRNA) technology is based on designing miRNAs artificially against
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any gene of interest by mimicking the secondary structure of endogenous miRNA
precursors (Ossowski et al. 2008; Sablok et al. 2011). The antiviral remedy involves
generating plants producing amiRNAs against pre-coat and coat protein transcripts
of ToOLCNDV in tomato (Van Vu et al. 2013). The amiRNA technology is being used
to target viral-encoded RSS transcripts (Tiwari et al. 2014). Apart from amiRNAs,
artificial transacting siRNAs have been considered effective in downregulating RSSs
(A. Singh et al. 2015). However, these RNAi-based approaches may not circumvent
infection in case the plant is infected by multiple viruses.

One recent approach to enhance plant immunity against infecting geminiviruses
involves genome editing using clustered regularly interspaced short palindromic
repeats (CRISPRs)/CRISPR associated 9 (Cas9) protein (Baltes et al. 2015; X. Jietal.
2015; Y. Jietal. 2007). The approach enables targeted modification of viral genomic
DNA with the transgenic expression of a single guide RNA and Cas9 endonuclease.
This approach has been activated against beet curly top virus (BCTV), Merremia
mosaic virus (MeMV), and tomato yellow leaf curl virus (TYLCV) (Sharma and
Prasad 2017).

7.7.5 Molecular Farming

Molecular farming in plants has several advantages over the traditional production
systems (Chu and Robinson 2001). RSSs can be employed efficiently to limit trans-
gene silencing and help produce higher levels of diverse products like vaccines
and pharmaceuticals, high-nutritive foods, high-value products among others (Naim
et al. 2012). Plants are being used as biofactories for production of biochemical
compounds (Fischer and Emans 2000). The first protein made in plants was human
growth hormone in transgenic tobacco in 1986 (Barta et al. 1986). To minimize
expression variation due to position effect, gene-copy number and other factors, co-
transformation of plants with a gene of interest and a viral-silencing suppressor such
as p19, enhanced protein expression up to 50-folds or more (Voinnet et al. 2003).

7.8 Conclusions

RNA-dependent silencing of target genes serves as a key regulatory mechanism
to control gene expression to help plants adapt better to stresses and give higher
yield. The most recent data indicate that RSSs regulate the multiple layers of the
complex defense, counter-defense, and counter-counter-defense between host and
pathogen. Apparently it is clearer now that RSSs are not just simply blockers of
RNA silencing but interconnect antiviral silencing, protein-based immunity, hormone
signaling, RNA metabolism, and subcellular organization (Pumplin and Voinnet
2013). Beyond model plants like Arabidopsis and tobacco, such technologies can
significantly benefit crop breeders.
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Due to the ability of cross-kingdom infection of certain viruses, an analysis of
RSSs in their natural virus backgrounds is essential. Further characterization of the
key domains in these viral proteins will help develop novel antiviral tools.
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Chapter 8 ®)
An Improved Virus-Induced Gene i
Silencing (VIGS) System in Zoysiagrass

Yi Xu, Jin Zhang, Jinping Zhao, Junqi Song, and Qingyi Yu

Abstract Virus-induced gene silencing (VIGS) is a powerful RNA-silencing tech-
nique for transient gene manipulation and functional verification. However, the proce-
dure of its application among dicot and monocot species varies based on types of
vectors, plant susceptibility, as well as inoculation methods. Here, we described a
simple yet efficient tobacco rattle virus (TRV)-based VIGS system for functional
analysis of genes in zoysiagrass (Zoysia japonica cv. “Zenith”), an important warm-
season turfgrass species, using Nicotiana benthamiana as an intermediate host. VIGS
of the PDS reporter gene resulted in a characteristic photo-bleaching phenotype in
majority of the inoculated leaves up to 70% reduction of expression of the endoge-
nous phytoene desaturase (PDS) gene in zoysiagrass. Our protocol provides a fast
and efficient toolbox for high-throughput functional genomics in zoysiagrass species,
which could potentially be applied to other warm-season turfgrass species.

Keywords Virus-induced gene silencing - Tobacco rattle virus + Zoysiagrass *
Agrobacterium tumefaciens - Functional genomics + Phytoene desaturase -
Post-transcriptional gene silencing

8.1 Introduction

Since its emergence, virus-induced gene silencing (VIGS) has been providing a
powerful approach for plant genetic and functional characterization, in a timely
manner. VIGS is basically taking advantage of post-transcriptional gene silencing
(PTGS), which in plants is dependent upon a relatively high degree of nucleotide
homology between RNA transcript and target gene sequence (Ding 2000; van den
Boogaartet al. 1998). In brief, VIGS mechanism is co-opted to target host mRNAs by
including a fragment of target gene into a modified viral genome. The viral replica-
tion of chimeric double-stranded intermediates, including the target gene fragment,
are produced and then recognized by RNA-induced silencing complex (RISC) as
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foreign invaders in plant. Subsequently, the Dicer-like proteins process them into
small interfering RNAs (siRNAs), which serve as specific templates to target any tran-
scripts with highly similar sequences for degradation (Baulcombe 1999). Therefore,
it is designed to manipulate target gene function utilizing the power of plant—virus
interaction, without genome modification in plant itself.

The VIGS system has been successfully established in tobacco by suppressing
phytoene desaturase (PDS) gene (Kumagai et al. 1995). Many plant DNA and RNA
viruses have been modified as VIGS vectors and used to investigate gene functions.
In eudicot species, VIGS has been reported to be adapted to tomato, Arabidopsis,
petunia, potato, cassava, tobacco, soybean, vine, cotton, rose, apricot, almond, and
sweet cherry, etc. (Burch-Smith et al. 2006; Chen et al. 2004; Faivre-Rampant et al.
2004; Fofana et al. 2004; Liu et al. 2002a, 2013; Kawai et al. 2016; Muruganantham
et al. 2009; Nagamatsu et al. 2007; Qu et al. 2012; Tang et al. 2010; Tian et al. 2014;
Turnage et al. 2002; Zhang and Ghabrial 2006; Zhao et al. 2020a, b, ¢). The most
widely used VIGS vector is based on tobacco rattle virus (TRV), due to its vigorous
viral replication and wide host spectrum (Burch-Smith et al. 2006; Liu et al. 2002b).
In comparison to the many choices of VIGS systems adapted for dicots, only a few
VIGS systems have been established for monocot species. Four RNA viruses, barley
stripe mosaic virus (BSMV), brome mosaic virus (BMV), bamboo mosaic virus,
foxtail mosaic virus (FoMV), and one DNA virus, rice tungro bacilliform virus
(RTBV), were modified for VIGS in several monocot species (Ding et al. 2006;
Holzberg et al. 2002; Liou et al. 2014; Liu et al. 2016; Meng et al. 2009; Pacak et al.
2010; Purkayastha et al. 2010; Tai et al. 2005; Yuan et al. 2011). BMV-based vectors
have been extensively used for VIGS in some monocot species, but are not suitable
for others, or not for all cultivars within a single host species (Ding et al. 2006; Pacak
et al. 2010). Considering the advantages of higher viral activity and wider host range
using TRV-based VIGS system, it is not uncommon for researchers to incorporate
VIGS vector that was designed for eudicot species when they need to develop a better
VIGS system for monocot plants. Recently, efforts have been put to use TRV-based
VIGS system in monocot species. For instance, Singh et al. (2013) first reported their
success of using TRV-based VIGS on gladiolus, and provided optimized protocol.
In another report, Zhang et al. (2017) reported a rapid and whole-plant level gene
silencing phenotype in both wheat and maize, using the TRV-based VIGS system.
Therefore, TRV-based VIGS system has been proven to be fast, convenient, and
efficient in such two monocot plants, which will also inspire future studies on other
monocot species.

Zoysiagrass (Zoysia spp.) is one of the important warm-season turfgrass species.
Due to its superior morphological characteristics and turf performance, zoysiagrass
has been extensively used in home lawns, golf courses, sports fields, recreational
parks, and other land surfaces (Patton et al. 2004). Besides its commercial use, zoysi-
agrass is also an ideal plant material to explore growth regulation and responses to
environmental stresses in perennial monocot species (Huang et al. 2014). Efforts have
been taken for studying gene functions by using polyethylene glycol (PEG)-mediated



8 An Improved Virus-Induced Gene Silencing ... 157

direct gene transfer into protoplast (Inokuma et al. 1998), or by following the tradi-
tional plant tissue culture and Agrobacterium-mediated transformation in zoysia-
grass. Toyama et al. (2003), found that zoysiagrass tissue culture could produce up to
four types of calluses. Among them, only type 3 (yellow, compact, and friable) callus
was suitable for Agrobacterium-mediated transformation. The selection criteria for
such callus type requires extensive experience, and may also be subjective. A newer
version of Agrobacterium-based transformation was recently reported in zoysia-
grass, using stolon nodes as transforming materials (Ge et al. 2006). The callus
formation process was bypassed, and the transformation period was shortened from
5 months to 3 months. However, the transformation frequency in this system was
only up to 6.8%, which is not suitable for high-throughput functional genomic study.
On the other side, VIGS assays using DNA viruses have also been exploited. For
example, a rice tungro bacilliform virus (RTBV)-based VIGS system could lead
to an average of 30.5-42.4% reduction of the PDS gene expression in half of the
inoculated zoysiagrass plants (Zhang et al. 2016).

In this chapter, we described a protocol to use the leaf sap from TRV-infected N.
benthamiana leaves to inoculate zoysiagrass. This improved VIGS method showed
that the TRV-based system is able to suppress PDS reporter gene expression up to
70% in the inoculated zoysiagrass plants, for at least 5 weeks. Therefore, our protocol
provides a fast and efficient toolbox for high-throughput functional genomics in
zoysiagrass species, which may also have the potential to be applied to other warm-
season turfgrass species.

8.2 Materials

8.2.1 Amplification of Target Gene

1. Zoysiagrass (Zoysia japonica) cultivar “Zenith” seeds (Pennington Seed
Company, Madison, GA)

2. Nicotiana benthamiana seeds

3. Plastic nursery pots, trays, and tray covers

4. TRIzol reagent (Thermo Fisher Scientific, Waltham, MA)

5. TURBO DNA Free Kit (Thermo Fisher Scientific, Waltham, MA)
6. Microcentrifuge

7. Liquid nitrogen

8. Mortar and pestle

9. Chloroform

10. Isopropanol

11. Ethanol

12. High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
Waltham, MA)
13. Polymerase chain reaction (PCR) primers
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14.
15.
16.
17.
18.
19.
20.
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GoTaq Master Mix (Promega, Madison, WI)

Thermal cycler

Gel electrophoresis system

Agarose

Ethidium bromide

TBE buffer (10X stock solution): 0.9 M Tris-borate, 20 mM EDTA, pH 8.0
DNA loading buffer (6X): 30% glycerol, 0.25% bromophenol blue, store at
4 °C.

8.2.2 Cloning Target Gene into Vector

Nk D=

10.

11.
12.
13.
14.
15.
16.

PEG/MgCl,; solution: 40% PEG 8000, 30 mM MgCl,

TRV1 (19) and TRV?2 vector (pYY 13, Dong et al. 2007; Sha et al. 2014)
Escherichia coli cells (DB3.1 and DH5a)

Water bath or incubator

SOC growth medium (Thermo Fisher Scientific, Waltham, MA)

Incubating orbital shaker

Luria-Bertani (LB) medium: 10 g tryptone, 5 g yeast extract, 10 g NaCl. Bring
to 1 L with pure water, adjust pH to 7

Kanamycin stock solution (50 mg/mL, 1000X): 0.5 g kanamycin. Bring to
10 mL with pure water, sterile filter, store at —20 °C

Petri dish

Resuspension buffer (P1): 50 mM glucose, 10 mM EDTA, 25 mM Tris (pH
8.0), store at 4 °C

NaOH/SDS solution (P2): 0.2 N NaOH, 1% SDS

Potassium Acetate solution (P3): 3 M KOAc (pH 6.0), store at 4 °C
Restriction nuclease: Pstl and buffer (New England Biolabs, Ipswich, MA)
T4 DNA polymerase and buffer (New England Biolabs, Ipswich, MA)

dATP and dTTP

Dithiothreitol.

8.2.3 Agrobacterium Transformation

Agrobacterium tumefacien cells (GV3101)

Liquid nitrogen

Rifampicin stock solution (50 mg/ml, 1000X): 0.5 g rifampicin. Bring to 10 mL
with pure water, sterile filter, store at —20 °C.
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8.2.4 Inoculation

NN B R

10 mM MgCl,

10 mM MES (pH 5.6)

200 wM acetosyringone

Seedlings of N. benthamiana and zoysiagrass “Zenith”
1 mL needleless syringe

Silicon carbide (~400 mesh)

Scotch-Brite heavy duty scour pad

Latex gloves.

8.3 Methods

8.3.1 Preparation of Plant Materials

Sow seeds of Z. japonica cv. “Zenith” and N. benthamiana in plastic pots filled
with soil (see Note 1). Set greenhouse/growth chamber parameters as follows:
28/25 °C day/night temperature, 60/70% day/night humidity, 200 wmol m=2 s~!
photosynthetically active radiation (PAR). Perform regular greenhouse irrigation
and fertilization as needed. For the first week, trays need to be covered in order
to facilitate seed germination.

A first batch of zoysiagrass ‘Zenith” plants can be prepared without M.
Benthamiana, from which total RNA will be extracted.

8.3.2 Amplification of Target Gene Fragment (TGF)

hd

Sequence fragments (around 200 ~ 400 bp) of target genes in zoysiagrass were
identified from our Z. japonica genome assembly (unpublished data) (see Note 2).
PCR primers were designed in order to amplify TGF. To use ligation-independent
reaction (LIC), LIC2 and LIC1 sequences were added in front of forward primer
and reverse primer, respectively (Dong et al. 2007; Zhao et al. 2016).

RNA extraction using TRIZol reagent was performed for zoysiagrass plant leaf
powder, which was first flash frozen in liquid nitrogen, and then ground using
mortar and pestle.

Total RNA was treated with TURBO DNA Free kit to remove any genomic DNA
contamination, and then was transcribed into cDNA using High-Capacity cDNA
Reverse Transcription kit.

PCR amplification was performed to obtain TGF using cDNA as template.
Check the quality and quantity of PCR product by gel electrophoresis in a 1%
agarose gel to ensure that it was specifically amplified and was the expected size.
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Purify PCR product with the following procedures: (a) Add equal volume of
PEG/MgCl, solution, PCR product and pure water, mix well; (b) Centrifuge for
20 min at 16,000 g; (c) Discard supernatant (see Note 3); (d) Resuspend the pellet
in 70% ethanol; (e) Centrifuge for 20 min at 16,000 g; (f) Discard supernatant
and air-dry the pellet for 15-20 min; (g) Dissolve the pellet with appropriate
amount of pure water.

8.3.3 Cloning into TRV2-LIC Vector

d

Digest TRV2-LIC vector with Pstl, and check digestion result by gel elec-
trophoresis in a 1% agarose gel.

Set up T4 DNA polymerase reactions as described in Table 8.1. Mix well, and
incubate at 22 °C for 30 min, followed by 70 °C for 20 min, and hold at 4 °C.
Set up LIC reaction as follows: Mix 5 nL of T4-treated vector and 5 nL of
T4-treated PCR product together, incubate at 65 °C for 30 min, and decrease to
22 °C at 0.2 °C/s, and then incubate at 16 °C overnight (see Note 4).
Transform the LIC reaction product into E. coli competent cells. Thaw 100 L
of DH5a cells on ice, and then add LIC reaction product. Mix gently when
pipetting to avoid agitation. Incubate on ice for 30 min. Heat shock cells for
30 s in a water bath at 42 °C and chill on ice for at least 2 min.

Add 1 mL of SOC growth medium, and shake for 1 h at 37 °C.

Centrifuge briefly to collect cells, and resuspend in 200 WL of LB medium.
Spread cells on LB plates containing 50 g/mL kanamycin. Incubate plates at
37 °C overnight.

Pick 3-5 colonies on the plates, and grow in 10 mL LB medium containing
50 pg/mL kanamycin until log phase.

Extraction of plasmid from E. coli. Collect cells from 1.5 mL E. coli culture
by centrifuging for 2 min at 10,000 g. Discard supernatant and add 200 pL
of ice-cold P1 solution, resuspend cells by vigorous vortexing (no cell clumps
shall be observed). Add 200 L of P2 solution, and briefly invert tube for 3—5
times until the solution becomes viscous and clear. Add 200 L of ice-cold P3

Table 8.1 T4 DNA polymerase treatment

Component Volume Component Volume
Digested TRV?2 vector 2.50 pL (=50 ng) Purified PCR product 2.50 pL (=50 ng)
10x NEB buffer 2.1 0.50 nL 10x NEB buffer 2.1 0.50 nL
100 mM dTTP 0.25 pL 100 mM dATP 0.25 pL
1M DTT 0.05 pL 1MDTT 0.05 pL
T4 DNA polymerase 0.10 pL T4 DNA polymerase 0.10 pL
ddH,O 1.60 pL ddH,O 1.60 pL
Total 5.00 pL Total 5.00 pL
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10.

11.
12.
13.

solution and briefly invert 5—8 times until no more precipitate accumulates, and
solution becomes less viscous.

Centrifuge for 10 min at 15,000 g. Carefully transfer supernatant into a new
tube by pipetting. Avoid any white precipitate to be transferred.

Add 2.5-3 volume of absolute ethanol pre-chilled at —20 °C, invert several
times.

Centrifuge for 10 min at 12,000 g. Discard supernatant and air-dry pellet.
Dissolve pellet in appropriate amount of pure water.

The presence of TGF in TRV2-LIC vector can be verified by PCR and gel
electrophoresis, as well as Sanger sequencing, using either gene-specific or
vector-specific primers.

8.3.4 Preparation of Agrobacterium Used in VIGS

Dk w

Transform TRV1, TRV2 (as empty vector control), and TRV2 containing TGF
(TRV2-TGF) into Agrobacterium tumefacien strain GV3101. Thaw 100 pL of
GV3101 cells on ice, add 50-100 ng TRV1, TRV2 or TRV2-TGF into cells by
pipetting. Mix with pipetting and avoid agitation. Incubate on ice for 30 min.
Chill cells in liquid nitrogen for 5 min.

Heat shock cells in a water bath at 37 °C for 5 min. Chill on ice for at least 2 min.
Add 1 mL of SOC growth medium, and shake for 2 h at 28 °C.

Centrifuge briefly to collect cells, and resuspend in 200 wL LB medium. Spread
cells on LB plates containing 50 pg/mL kanamycin and 50 pg/mL rifampicin.
Incubate plate at 28 °C for at least 2 d.

Pick 3-5 colonies on the plates, and grow in LB medium containing 50 pg/mL
kanamycin and 50 pg/mL rifampicin until log phase.

Extraction of plasmid from GV 3101 (see Sect. 8.3.3 Steps 8-12)

Confirm TRV1, TRV2 and TRV2-TGF constructs by either PCR or Sanger
sequencing.

For long-term storage, add 500 wL of 50% sterile glycerol solution to 500 pL
of log-phase GV3101 culture containing TRV1, TRV2 or TRV2-TGF vector,
respectively. Mix well and store at —80 °C.

8.3.5 Agro-Infiltration of N. Benthamiana

One day before agro-infiltration, grow the transformed Agrobacterium GV3101
strains containing TRV1, TRV2, and TRV2-TGF respectively in 20 mL of LB
medium with 50 pg/mL kanamycin and 50 pg/mL rifampicin overnight.
Harvest cells by centrifugation for 2 min at 10,000 g. Discard supernatant.
Resuspend cells in infiltration buffer containing 10 mM MES, 10 mM MgCl,,
and 200 wM acetosyringone and adjust to an OD600 of 1.0.
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4. Incubate cell suspension for at least 3 h at room temperature.

5. Mix TRV and TRV2 (as empty vector control), TRV1 and TRV2-TGF in a 1:1
ratio, respectively.

6. Infiltrate N. benthamiana with cell mixture (TRV1 4+ TRV2, or TRV1 + TRV2
— TGF) into the abaxial leaf surface, using 1 mL needleless disposable syringe
(see Note 5).

7. Transfer infiltrated N. benthamiana plants into a growth chamber with
the following settings: 22/20 °C day/night temperature, 70% humidity,
200 pmol m~2 s~! PAR to facilitate virus infection.

8. Leaves from TRV1 4 TRV2 and TRV1 4 TRV2 — TGF-infected N. benthamiana
plants were harvested for subsequent inoculation into zoysiagrass. VIGS was
monitored using areporter gene (e.g. PDS) as positive control. Leaves from TRV 1
+ TRV2 — PDS-infected N. benthamiana plants that exhibited photobleaching
phenotypes, indicative of suppression of the endogenous PDS gene, were used
for inoculation into zoysiagrass.

8.3.6 Inoculation of Zoysiagrass

1. Collect VIGS-infected N. benthamiana leaves containing TRV1 4+ TRV2 and
TRV1 + TRV2 — TGEF, respectively.

2. Grind leaves using mortar and pestle, add a bit of silicon carbide (400 mesh) to
facilitate abrasion during inoculation.

3. Cut Scotch-Brite heavy duty scour pad into thumbnail-size pieces. Dip one piece
in leaf zap, and gently rub both sides of zoysiagrass leaf blade for five to eight
times, with the direction from base to tip (see Note 6).

4. Cover inoculated zoysiagrass in the dark for 24 h at room temperature.

5. Remove cover and transfer zoysiagrass to growth chamber described in Sect. 8.3.5

Step 7.

Normally, the phenotype of VIGS will occur in 3 weeks.

7. Photograph the plants with silencing phenotype and collect tissues for subsequent
experiments.

o

8.3.7 Evaluation of Gene Silencing

Here, we cloned a fragment of zoysiagrass PDS gene, as a reporter gene, into the
TRV2 vector. The TRV1 4 TRV2 — PDS-infiltrated N. benthamiana plants showed
photobleaching phenotype, mostly on young leaves (Fig. 8.1). We then used photo-
bleached leaf sap to inoculate zoysiagrass (Fig. 8.2). After three weeks, most of the
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Fig. 8.1 Virus-induced gene silencing of the zoysiagrass PDS gene in N. benthamiana (Photos
were taken at 14 d after agro-infiltration, left: control; right: silenced plant)

Fig. 8.2 Mechanical inoculation of zoysiagrass leaf blades with leaf sap collected from N.
benthamiana plants expressing TRV1 + TRV2-PDS
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newly developed leaf blades from inoculated zoysiagrass showed chlorosis pheno-
type (Fig. 8.3). RT-PCR analysis using primers corresponding to different regions of
PDS gene confirmed the expression of the PDS gene in zoysiagrass was reduced up
to 70%, at 5 weeks after inoculation (Fig. 8.4). Therefore, the test of PDS reporter
gene in TRV-based VIGS system has validated our method as a fast and efficient tool
for gene manipulation in zoysiagrass.

Fig. 8.3 Virus-induced gene silencing of the PDS gene in zoysiagrass (Photos were taken at 35 d
after inoculation for empty vector control [left] and silenced zoysiagrass [right])
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Fig. 8.4 RT-PCR analysis of expression of the PDS gene in silenced zoysiagrass plants (Data
shown here are relative expression in zoysiagrass empty vector control [A], and two individually
silenced plants [B and C]. The asterisk represents significant difference between control and VIGS
plants, at the P level of 0.05)

Acknowledgements We thank Dr. Yule Liu (Tsinghua University) for providing the TRV vector.
This work was supported by the National Institute of Food and Agriculture (NIFA)—Specialty Crop
Research Initiative (SCRI) Grant 2015-51181-24291 and 2019-51181-30472 to QY, the USDA
National Institute of Food and Agriculture Hatch Project TEX0-2-9374 to QY, and a start-up fund
from the Texas A&M AgriLife Research and a Hatch Project from USDA National Institute of Food
and Agriculture to JS (TEXO0-1-9675).

Notes

1. Inorder to get ready for zoysiagrass inoculation, sow N. benthamiana seeds four
weeks before zoysiagrass inoculation day, and zoysiagrass seeds three weeks
before zoysiagrass inoculation day.

2. Use 3’ end of gene sequence in order to obtain more gene-specific fragments,
however, avoid regions with high GC content or repetitive elements.

3. Critical point: be careful to remove the supernatant, since the DNA pellet is
nearly invisible! It is recommended to use a pipettor to carefully aspirate it out.
Same precaution applies to the rest of the purification steps.

4. The final step of incubation time at 16 °C could be shortened to 1 h, however,
this may lead to decreased yield of ligation product.

5. It is recommended to choose the first four true leaves of N. benthamiana to
infiltrate, since those leaves are thicker and juicier. Two-week old N. benthamiana
plants usually have four true leaves, which are ideal for agro-infiltration.
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6. Critical point: leaf age is of vital importance for successful VIGS assay. To ensure
maximum VIGS efficiency, use “Zenith” seedlings that have three or less leaf
blades. VIGS efficiency significantly decreases with older seedlings.
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Chapter 9 ®)
RNA Interference (RNAi): A Genetic St
Tool to Manipulate Plant Secondary

Metabolite Pathways

Ashutosh R. Pathak, Swati R. Patel, and Aruna G. Joshi

Abstract Plants produce a variety of secondary metabolites which are being used
as a source of medicine since the beginning of mankind, albeit most of them are
synthesized in low concentrations. The developments in the field of ‘omics’ tech-
niques help in the identification of genes of these metabolites having complex regu-
latory networks. Genetic engineering helps in manipulating the pathway which in
turn increases the metabolite content and RNA interference (RNAi) is one such tool
being used for the same. It is a homology dependent gene silencing technology in
which the expression of pathway gene/promoter can be regulated by the introduc-
tion of double-stranded RNA (dsRNA) as it degrades the target mRNA. Since its
discovery, this tool has been useful in manipulating the biosynthetic flux toward
desired metabolite(s) by down-regulation of the competing pathway. In this chapter
we discuss about RNA1 as a tool to manipulate secondary metabolite pathways in
plants.

Keywords Biosynthetic pathway + Medicinal plants + Metabolic engineering -
RNA interference (RNAI) + Secondary metabolites

9.1 Introduction

Plants produce around 2,00,000 types of secondary metabolites as a defense response
and they are useful sources of drugs, fragrances, pigments, food additives, and pesti-
cides for mankind (Dixon and Strack 2003; Kutchan and Dixon 2005). It is esti-
mated that 70-80% of the people worldwide rely mainly on herbal medicines for
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their primary healthcare (Canter et al. 2005). Reports document that out of 50,000—
70,000 plants that are used worldwide for medicinal purposes, nearly 10,000 plants
have become endangered (Brouwer et al. 2002; Edward 2004). World Health Orga-
nization (WHO) estimated that the market of herbal medicine will grow up to US$5
trillion by the year 2050 with an annual growth of 5-15% (Kumar and Gupta 2008).
Due to complex chemical structures of the metabolites, they are difficult to synthe-
size chemically, and metabolites such as ajmalicine, ajmaline, artemisinin, berberine,
colchicines, digoxin, ginsenosides, morphine, quinine, shikonin, taxol, vincristine,
vinblastine, etc., are still extracted from plants (Rao and Ravishankar 2002). However
plants synthesize metabolites in low concentrations and are restricted to a particular
species or genus (Verpoorte et al. 2002). Thus to fulfill the demand, a large number
of plants are collected from the wild which depletes the plants from natural habitat.
Another problem faced by industries is the requirement of a large quantity of mate-
rial for extraction of metabolites e.g., 2.5 kg of taxol requires 27,000 tons of Taxus
brevifolia bark and thus the availability of plants for herbal medicines becomes a
major problem (Rates 2001).

Synthesis of metabolites is under the control of different genes that are expressed
in a particular tissue or cell type (Pichersky and Gang 2000). The plant genome
contains 20,000-60,000 genes of which around 15-25% are involved in the synthesis
of secondary metabolites (Bevan et al. 1998; Somerville and Somerville 1999).
Metabolic engineering of pathways has key applications in alleviating the demands
for limited natural resources (Lau et al. 2014). The secondary metabolite pathways
are chain reactions catalyzed by enzymes that convert substrates into products with
one or more branched points (Farré et al. 2014). Thus main challenge in manipulating
the pathways is their complex nature which involves many regulatory factors (Kooke
and Keurentjes 2012). Different strategies like blocking a competitive pathway,
over-expressing regulatory genes/transcription factors, or inhibiting the catabolism
of molecules can be used for the enhancement of metabolites (Koffas et al. 1999;
Gomez-Galera et al. 2007).

9.2 Metabolic Engineering

Metabolic engineering is defined as the ‘directed improvement of product forma-
tion or cellular properties through the modification of specific biochemical reactions
or the introduction of new genes with the use of recombinant DNA technology’
(Stephanopoulos 1999). The main aim of this technique is to redirect the precursor
pool toward the synthesis of the desired compound(s) through alteration in the gene
expression, and it is done either in positive (over-expression) or negative (down-
regulation) manner (Pickens et al. 2011; Farré et al. 2014). The metabolic flux of the
pathways can be regulated by the metabolites themselves, which in turn influences
the activity of enzymes, transcription factors, and signaling proteins. The chemical
diversity mainly arises through alkaloid, phenylpropanoid, and terpenoid pathways,
thus number of studies have been carried out for identification of their regulatory
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genes and transcription factors (Wu and Chappell 2008; Nagegowda 2010). High
throughput ‘omics’ technologies like genomics, transcriptomics, proteomics, and
metabolomics are being used for elucidation of the pathways (Vemuri and Aristidou
2005; Caspi et al. 2013). In non-model plants where whole genome sequencing
is not available, gene identification is done by a comparatively cheaper technique
like expressed sequence tags (ESTs) (Joshi and Pathak 2019). Thus, the process of
metabolic engineering in medicinal plants research is divided into three steps: (i)
selection of plant species and elucidation of the pathways through ‘omics’ tech-
nology, (ii) targeting the gene of interest through genetic engineering tool, and (iii)
screening the plants for metabolite content (Lau et al. 2014) (Fig. 9.1).

One of the key ways to reduce the levels of undesirable metabolites is recessive
gene disruption and dominant gene silencing (Tang and Galili 2004). But the latter is
a more promising approach to decrease the synthesis of undesirable compounds by
suppression of branch-point gene which redirects the enzymatic reactions to increase
the metabolite(s) of interest (DellaPenna 2001). Silencing the expression of a partic-
ular gene can be done in three different ways: (i) transcriptional gene silencing
(TGS), (ii) post-transcriptional gene silencing (PTGS), and (iii) translation inhibi-
tion (Hamilton and Baulcombe 1999; Mansoor et al. 2006). But the central dogma of
life suggests that if mRNA is silenced, further synthesis of secondary metabolites will
be stopped (Abdurakhmonov 2016). RNA interference (RNAi) also known as post-
transcriptional gene silencing (PTGS) is frequently used for gene down-regulation
and thus known as the ‘knock-down’ method (Tang and Galili 2004).

‘3. Screening:

Increase/decrease
of metabolite
content or
generation of
'novel' traits

'2. Validation:
Selection of target
gene(s) involved in

) metabolic pathway
®1. Discovery: and genetic

Recognition of  engineering
pathway using

genomics,

transcriptomics,

proteomics and

metabolomics

Fig. 9.1 Steps of metabolic engineering
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9.3 RNA Interference (RNAIi)

RNAI is a quick, easy, and sequence-specific homology-based tool to down-regulate
the expression of targeted mRNA (Small 2007). Initially it was thought to function as
a part of the defense mechanism against viruses when discovered in plants (Mansoor
et al. 2006). The history of RNALI is nearly three decades old where Napoli and co-
workers in 1990 transformed petunia plants with chalcone synthase (CHS) gene and
the flower color changed from dark purple to white/chimeric, and this phenomenon
was named as co-suppression. After five years, Guo and Kemphues (1995) reported
knock-down of par-1 gene expression in Caenorhabditis elegans through both sense
and antisense RNA. The reason behind gene silencing remained unknown till Andrew
Fire and Craig Mello reported that potent and specific genetic interference can be
done by double-stranded RNA (dsRNA) in C. elegans which triggered the silencing
of genes as it had identical sequences to the mRNA. This type of gene silencing
was termed as ‘RNA interference (RNAi)’ (Fire et al. 1998) and in 2006 Fire and
Mello received the Nobel Prize for discovering it (Allen et al. 2004). At the same
time similar phenomenon was also reported in plants by Waterhouse et al. (1998)
where dsRNA induced gene silencing which was more efficient than either sense
or antisense RNA. RNAIi technology suppresses the expression of enzymes that are
expressed in the number of tissues at different developmental stages, whereas sense
or antisense RNA fails to block the activity of enzymes that are encoded by multigene
family (Larkin et al. 2007). Wesley et al. (2001) compared the silencing efficiency
of hpRNA (dsRNA) and antisense RNA, and reported that hpRNA increases gene
silencing by 90-100%. Thus it was confirmed that RNAi became the most promising
tool for the suppression of dominant gene expression (Smith et al. 2000). One advan-
tage of this tool is its dominant nature and the silenced gene is passed on in the T1
generation which created new opportunities in agriculture and production of metabo-
lites (Lessard et al. 2002; Verpoorte et al. 2002). Many researchers use in vitro cultures
to down-regulate the gene as it reduces the risk of contaminating food sources and
environment, and provides a platform to test a metabolic engineering strategy that
will be utilized for large scale production of metabolites (Wu and Chappell 2008).
The main aims of RNAi technology for engineering secondary metabolites synthesis
is given in Fig. 9.2.

9.3.1 Mechanism

Micro RNA (miRNA), short interfering RNA (siRNA), and small hairpin RNA
(hpRNA) are types of small non-coding RNAs that are mainly involved in RNAi
mechanism (Aukerman and Sakai 2003; Palatnik et al. 2003). Artificial microRNA
(amiRNA)-based vectors have also proved to be effective for gene silencing since
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Fig. 9.2 Uses of RNAi
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the last decade (Warthmann et al. 2008). Smith et al. (2000) suggested that a more
feasible approach is to clone both sense and antisense sequences separated by an
intron region which forms a hairpin RNA (hpRNA) molecule upon transcription
and triggers gene silencing. Aberrant single-stranded RNA (ssRNA) with an intron-
hairpin construction triggers the generation of dSRNA by RNA-dependent RNA
polymerase (RdRP) and activates the RNAi pathway (Waterhouse et al. 2001). Dicer,
a ribonuclease III-type enzyme, is activated by ATP which recognizes dsRNA and
cuts them into smaller segments of 21-25 bp. These small RNAs are then incor-
porated into a nuclease complex known as the ‘RNA-induced silencing complex’
(RISC) which contains argonaute protein (AGO). Then one of the strands of siRNA
(guide strand) becomes stably associated with AGO and the other strand (passenger
strand) is degraded. The guide strand then leads RISC to its target mRNA and AGO
protein binds the guide strand to the target sequence for complementary base pairing.
Successful docking of the RISC-siRNA complex with mRNA will then either block
the translation or degrade mRNA using exonucleases (Kusaba 2004). Reports suggest
that the directionality of dsRNA processing and the target RNA cleavage sites are
predefined, and the sequence complementary to the guide siRNA will be recognized
and cleave the target mRNA in the central region which is 10-12 nt from the 5’
end of siRNA (Elbashir et al. 2001). Lastly, the siRNA molecules are amplified via
RdRp on the target mRNA and these siRNAs will, in turn, induce a secondary RNA
interference i.e., transitive RNAi (Denli and Hannon 2003).
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9.3.2 Vector and Transformation Methods

Different vectors are used to suppress gene expression in plants and the vector-based
RNAI technology was improved by using an intron as the linker (Waterhouse et al.
1998; Smith et al. 2000). These RNAIi vectors are specifically designed to generate
long dsRNA with the same sequence as the target genes. Similarly, vectors designed
to express hairpin RNAs (hpRNAs) are also successfully applied to silence the corre-
sponding target genes (Wesley et al. 2003). Nowadays biotechnology companies are
developing specialized vector constructs for RNA interference in plants (see table),
which after transformation into host plant converts into dsRNAs and triggers efficient
silencing.

One of the major issues in plant genetic transformation is to obtain a stably
transformed plant which depends on the transformation methods. The first choice
is Gram-negative, soil-borne pathogen Agrobacterium spp., which is also known as
‘natural genetic engineer’ is commonly used to transform numerous dicotyledonous
plants (Zupan et al. 2000). But the wild-type Ti plasmid is very large (200 kb) and
difficult to manipulate, which was overcome by the development of binary vectors
(Bevan 1984). In such a system, the Ti plasmid of Agrobacterium has been disarmed
by removing the T-DNA and keeping vir regions intact. Simultaneously, a separate
binary vector is constructed which carries an origin of replication that is compatible
with the Ti plasmid of Agrobacterium. When the binary vector is introduced into
Agrobacterium the vir genes of Ti plasmid will act in trans to transfer the recombinant
T-DNA from the binary vector to the host plant cell. As the binary vectors are smaller
and comparatively easier to construct than wild-type Ti plasmids, the Agrobacterium-
mediated transformation is considered as a reliable technique (Lessard et al. 2002).

Transient gene expression in majority of the plant species can be done via particle
bombardment and electroporation. These techniques are useful especially when long
term expression is not required for e.g., to test the effectiveness of various gene
constructs before stable transformation (Lessard et al. 2002). One of the advantages of
this method is high transformation frequency, which resulted in the successful trans-
formation of plastids in tobacco and tomato (Maliga 2001). But these methods require
the use of tissue culture protocols to regenerate transgenic plants/callus whereas
Agrobacterium-mediated transformation overcomes this limitation by directly trans-
forming germ-line cells or seeds and is one of the first choice for RNA interference
in plants (Tague 2001).

RNAI is a promising way to manipulate the metabolite pathway (Borgio 2009) and
it was first used by Mahmoud and Croteau (2001) in Mentha X piperita to reduce the
level of menthofuran through antisense suppression of the mfs gene which codes for
the cytochrome P450 (+) menthofuran synthase, which in turn increased the content
of essential oils in plants. Later on many studies documented that the content of
various volatiles can be increased in Mentha spp. by silencing different genes or
transcription factors (Mahmoud et al. 2004; Wang et al. 2016; Reddy et al. 2017).
Since the beginning of this technique, berberine bridge enzyme (BBE) is the gene
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of interest for RNAi research as many scientists knock-down the expression of this
gene to study its effect on the content of different alkaloids, especially benzophenan-
thridine type in many plant species (Park et al. 2002; Frick et al. 2004; Fujii et al.
2007). Waterhouse et al. (1998) documented that this technology can be useful to
alter the flower colors as compared to conventional breeding and genetic transforma-
tion. RNAI has been applied to suppress the genes of anthocyanin biosynthesis like
anthocyanidin synthase (ANS) in Torenia spp. which changed the flower color in
transgenic plants (Nagira et al. 2006; Nakamura et al. 2006). Similarly, other genes
of flavonoid pathways like isoflavone synthase (IFS), flavone synthase 1l (FNSII),
flavonol synthase (FLS), flavanone 3-hydroxylase (F3H), flavonoid 3’-hydroxylase
(F3’H), flavonoid 3’,5-hydroxylase (F3’5’H), flavone 6-hydroxylase (CYP82D1.1),
flavone 8-hydroxylase (CYPS2D2), chalcone isomerase (CHI), chalcone synthase
(CHS), etc., were silenced and their effect on flavonoids was reported by many
workers (Subramanian et al. 2005; Nakatsuka et al. 2007; Seitz et al. 2007; Park
et al. 2011; Jiang et al. 2014; Zhang et al. 2015; Zhao et al. 2018). Recently Hu
et al. (2020) reported that the down-regulation of one of the flavonoid biosynthetic
pathway gene laccase gene (Lacl ) affects the cotton fiber development. Whereas Liu
et al. (2002) down-regulated the expression of two fatty acid desaturase genes i.e.,
stearoyl-acyl-carrier protein A9-desaturase (SAD) and oleoyl-phosphatidylcholine
wb6-desaturase (FAD) in cotton seeds, which increased the content of stearic acid and
oleic acid for better oil quality. Similarly, the content of different types of ginseno-
sides was increased or decreased in different species of Panax (P. ginseng, P. noto-
ginseng and P. quinquefolium) by RNAIi technique to identify the roles of different
genes in ginsenoside biosynthetic pathway (Han et al. 2006; Zhao et al. 2015; Wang
et al. 2017). This strategy has been used for commercial-scale production of desired
plant products e.g., decaffeinated Coffea arabica and Coffea canephora plants were
produced by silencing theobromine synthase gene using RNAi (Ogita et al. 2003,
2004). Table 9.1 depicts the plant species in which RNAi has been used to silence the
secondary metabolite genes as well as the vector and transformation methods used
for the same.

9.4 Conclusion

RNAI is the choice of present-day researchers to manipulate the genes synthesizing
secondary metabolites. Since RNALI is a sequence-specific process, this requires the
selection of a unique or conserved region of the target gene which ensures that the
multiple gene families can be silenced. But the major bottleneck is that the complete
information about the genomes of many non-model plants for secondary metabolite
synthesis is lacking. The major drawback of RNAI tool is its unintended targets as
21-25 nt homology is required to suppress the gene function, even then it is still
being used for identifying the gene functions and to increase the content of the
desired metabolite.
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Chapter 10 ®)
Improving Nutrient Value of Crops: e
Applications of RNAI in Targeting Plant
Metabolic Pathways

Sarbajit Chakrabarti, Chanchal Chatterjee, and Arunava Mandal

Abstract The World Health Organization states that more than 820 million people
worldwide do not have a regular supply of food grains. Considering the global
hunger index, crop improvement becomes the only solution for combating global
hunger. To alleviate the nutritional quality of crops, different techniques have been
developed and applied by the researchers, namely conventional breeding approaches
to genetic engineering approaches. RNA-based techniques to engineer metabolic
pathways to increase the metabolic pool of the desired nutritionally important
compounds have been in use. RNAi technique has emerged as one of the most
successful means to silence the specific gene of interest in a tissue-specific manner
to increase the metabolic pool of the desired compound. RNA:I is successfully done
to achieve biofortification, reduction of alkaloids, allergenicity, etc. In more recent
times, CRISPR/Cas9 has emerged as a more sophisticated technique to engineer the
metabolic pathway. Here, we have discussed how RNAi technology has been used
in various spears of plant sciences for crop improvement.

Keywords Crop improvement + Metabolic engineering + RNA-based
technologies - RNAi - Biofortification

10.1 Introduction

Plants are often regarded as the principal source of desired nutrients in human and
livestock feed. The chances of the occurrence of type 2 diabetes, cardiovascular
diseases, and cancer can be reduced by the consumption of fresh fruits and vegetables
(Martin et al. 2011; Mozaffarian et al. 2011; Bradbury et al. 2014).

However, the incidence of malnourishment across the globe specially in devel-
oping and underdeveloped countries, has drawn the attention of the researchers and
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helped them to conclude that the crops consumed in the staple diet are failing
to meet the daily dietary requirement. In this context, metabolic engineering can
address this obstacle by specifically altering the metabolic pool of the staple crops
to enhance nutritional content. Traditional breeding based on selecting genetic vari-
ations (natural or induced) or genetic engineering can be applied in redirecting the
metabolic pathway but it has several limitations too, e.g. sometimes a given gene
in its silenced form, though advantageous for rising seed quality, frequently leads
to harmful effect on the plant itself (Negrutiu et al. 1984; Frankard et al. 1992).
Therefore, targeted silencing of the gene by using tissue-specific promoter can help
achieve the desired outcome without any unwanted deleterious effects. RNAi medi-
ated by double-stranded RNA (dsRNA) is one such approach where a gene can be
effectively silenced using specific promoters (Smith et al. 2000).

Here, in this chapter we are going to discuss why we need to improve the crops on
nutritional perspective and how RNA-based technologies or more specifically RNA,
can help to reengineer the metabolic pathway, thereby improving the nutritional
content of a food crop.

10.2 Crop Improvement

According to the World Bank Report of 2008, agriculture is an important sector
known to play an important role in the attainment of developmental goals of any
country. According to the 2018 report from WHO, globally 820 million popula-
tion did not have enough food to eat, which was 811 million in the previous year.
In developing countries, three out of every four people live in villages and the
majority rely on agriculture directly or indirectly for their livelihood. Both developed
countries and developing countries suffer from malnutrition, one through an inad-
equate supply of food, and in other by inappropriate choices, which is influenced
by economic consideration. Beyond meeting the basic nutrition requirement, it is
proven in several cases that the physiological process of an organism can be altered
in any stage of life depending on the intake of food. Indeed, the majority of the
population of the developing countries lacks vital minerals like iron, zinc, and iodine
in their diet, which is the reason behind different types of health issues. Plant compo-
nents of dietary interest fall into two categories—macronutrients (proteins, carbohy-
drates, and fibers), micronutrients (phytochemicals, vitamins, minerals, antinutrients,
allergens).

Metabolic analysis of the plant metabolites provided a new way for more targeted
crop improvement to meet the current need (Hall et al. 2008). Metabolic engineering
has the potential to redirect one or more reactions to get better production of existing
compounds, production of novel compounds, or to facilitate the degradation of detri-
mental compounds, thereby improving the nutritional quality of the crop. Thus crop
improvement has a direct beneficial effect on mass health status (Table 10.1).
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Table 10.1 List of genes manipulated in different plants for crop improvement through RNAi

Sr | Crop Traits Gene targeted Plant used | References

No. |improvement improved

1. Biofortification B-Carotene | Lipoxygenase gene(r9 rice Gayen et al.

LOX1) (2015)
Lysine LKR/SDH Corn Houmard
etal.
(2007)
Iron MIPS soybean Kumar
(myo-inositol-3-phosphate etal.
synthase) (2019)
Amylose SBElIIa and SBEIIb wheat Regina
et al.
(2006)
2. Oilseed Reduction in | FAD3 soybean Flores et al.
improvement linolenic acid (2008b)
(18:3) and
increase in
linolenic acid
(18:2)
Oleic acid ghSAD-1 and ghFAD2-1 cotton Liu et al.
content (2002)

3. Hypoallergenicity | Reductionin | Arah2 peanut Dodo et al.
Arah?2 (2008a)
content
Reduced Lyce3 Tomato Lorenz
content of et al.
Lyce3 (2006)
Reduced Mal d1 Apple Gilissen
content of etal.

Mal d1 (2005a)
Reduced CYP79D1 and CYP79D2 | Cassava Siritunga
content of and Sayre
linamarin (2003)
and

lotaustralin

Reduced N-dem-ethylase Tobacco Gavilano
content of et al.
nornicotine (2006)
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10.3 Metabolic Engineering

The plant metabolic engineering can be defined as an attempt to engineer the endoge-
nous metabolic pathways operating in a plant and redirecting one or more enzy-
matic reactions in the metabolic pathway for producing a new compound, facil-
itating the degradation of compounds, or improving the production of existing
compounds. To achieve this, a methodical understanding of metabolic pathways
is necessary. Metabolic pathways can be visualized as a string of linear, cyclical
three-dimensionally arranged interlinked enzymatically catalyzed chemical reactions
where substrates are converted into products through a series of intermediates. These
reactions maybe unidirectional or reversible and there may be several branch points.
In plants particularly, the metabolic pathway seems to become increasingly complex
as often there is a need for metabolic intermediates to transport between subcellular
compartments or sometimes among the cells.

10.3.1 Generation of End Product of Metabolic Pathway

The simplest objective of metabolic engineering is to increase the end product. Here
the researchers work on the options to increase the availability of upstream precur-
sors or decrease the activity of rate-limiting enzymes to enhance the accumulation
of end product. For example, metabolic engineering approaches targeted for a simul-
taneous increase in metabolic flux through the pterin and PABA branches help to
enhance folate levels (De La Garza et al. 2007; Storozhenko et al. 2007). Recent
studies revealed that the co-expression of GTPCHI (GTP cyclohydrolase I) and
ADCS (aminodeoxychorismate synthase) in transgenic tomato fruit results up to 25-
fold higher expression levels of folate in transgenic fruits than those of wild-type
fruits (De La Garza et al. 2007).

10.3.2 Accumulating an Intermediate Product

The intermediates in any metabolic pathway have a tendency to get converted into
end products, therefore modulating the accumulation of the intermediate product is
difficult. To overcome such a challenge, redirecting the metabolic strategies focus on
a combinatorial approach to boost up the upstream flux and block downstream flux
through competitive pathways, or creation of metabolic sinks to remove intermedi-
ates and to avoid their additional conversions. Carotenoid pathway can excellently
demonstrate this approach because several intermediates of this pathway, e.g. zeaxan-
thin, B-carotene, and lycopene are essential for nutrition and focus of the engineering
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approaches concentrate on increasing the accumulation of specific carotenoid inter-
mediates. The silencing of CHY1 and CHY2 genes through RNAI in potato tubers
resulted in increased B-carotene levels compared to the wild type (Diretto et al. 2007).

This example clearly demonstrates how blocking the downstream steps can block
the loss of a specific intermediate. Another strategy often employed is the diversion
of the intermediate into a subcellular compartment, lacking the enzymes required
for additional conversion, and at the same time creation of a metabolic sink which
can shift the equilibrium toward production. For example, Orange (Or) which is a
gain-of-function mutation in cauliflower results in the differentiation of proplastids
or non-colored plastids into chromoplasts, suggesting the fact that the formation of
a metabolic sink for sequestering carotenoids can support carotenoid gathering in
plants. The expression of Or gene of cauliflower in potato under a tuber-specific
promoter renders orange-yellow color and increased accumulation of carotene in the
transgenic potato compared to the wild type (Lopez et al. 2008).

10.3.3 Strategies to Alleviate Several Compounds
Simultaneously

Sometimes in a metabolic pathway, multiple intermediates appear to be nutritionally
essential. In such cases, the approaches for boosting flux through a pathway gener-
ally leads to an enhancement in the accumulation of end products, but at the same
time inhibiting upstream flux may backfire as there are chances of other essential
molecules getting depleted. To overcome such a challenge, the most accepted strategy
is to progressively restrict the metabolic flux in such a way that the early rate-limiting
steps are removed but the competence of succeeding reactions gets gradually reduced,
to allow the gathering of specific intermediate compounds. Transgenic maize plants
not only accumulate high levels of B-carotene but also contain higher levels of lutein
and zeaxanthin compared with wild-type plants, revealing the applicability of this
approach (Nagqyvi et al. 2009).

Nowadays metabolic engineering is one of the most viable ways to increase the
levels of different vitamins and intermediate products in plants.

10.4 Tools for Metabolic Engineering and RNA-Based
Technologies as a Promising Approach

The decoding of the genome sequences of many crops made it possible to identify
many genes, those encoding plant secondary metabolites. This opens the possibility
for proper utilization of plant resources. It also makes it possible to overproduce and
isolate the valuable plant-derived chemicals from new tailored systems that are being
developed.
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10.4.1 Development of Customized Systems
Jor Overproduction of Plant Products

Plant metabolic pathways can be monitored in a heterologous organism by the intro-
duction of genes encoding the pathway enzymes. Botryococcus braunii is a green
alga responsible for the production of linear branched-chain triterpenes, which is
increasingly being recognized as an important chemical and biofuel (Hillen et al.
1982). However, large-scale production and isolation of these compounds are unre-
alistic due to the slow-growing nature of B. braunii. Recently, triterpene botryococ-
cene were produced in N. tabacum plants by the overexpression of an avian farnesyl
diphosphate synthase in the chloroplast (Jiang et al. 2016).

10.4.2 Engineering New Traits into Crops

As the cultivable land is decreasing gradually, more attention is required to increase
the nutritional value of the crops that are grown. Tomato has recently undergone some
engineering efforts for the improvement of the production of various metabolites
(Butelli et al. 2008; Augustine et al. 2013; Giorio et al. 2013; Gutensohn et al.
2014). In very recent times, phenylpropanoid production has been upregulated in
tomato fruits by introducing AfIMYB 12 transcription factor under the regulation of
a fruit-specific promoter.

10.4.3 Genetic Approaches

In the context of the metabolic engineering, genetic approach is another way, mostly
studied in maize. But its success is relatively limited to other crops, typically due
to the inadequate availability of genetic resources. In the mid of the twentieth
century, an initiative was taken for the identification of high lysine content vari-
eties in maize through the genetic approaches, to overcome the low Lys content in
maize. However, with this effort high Lys opaque2 mutant was discovered (Mertz
et al. 1964). But the opaque2 mutant still faces the problem with storage and trans-
portation due to presence of soft kernel, making these tasks quite difficult. However, it
was possible to overcome this barrier by selecting quantitative trait loci (QTL) which
canrestore kernel hardness in the presence of 02. Through developing a variety called
Quality Protein Maize (QPM) and by targeting g-zeins suppression, without the 02
mutant, rebalance of the Lys content and a vitreous kernel phenotype was maintained
successfully (Planta and Messing 2017). To overcome the problems of rancidity and
decreased shelf-life of soybean oil products, researchers have come up with genetic
approaches. They were successful in establishing low linolenic acid soybean oil
(low-lin) with the help of mutational breeding (Hammond and Fehr 1983; Wilcox
and Cavins 1985; Fehr et al. 1992).
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10.4.4 RNA-Based Technologies as an Emerging Approach

Though the traditional breeding technique has tremendous success in improving
the dietary content of food and feed (Davies 2003), there is little success and the
process is extensive, time consuming, and most crop plants have few available genetic
resources. Among the many causes for the inadequate genetic resources available for
breeding (Hoisington et al. 1999), two most significant reasons are (i) reduced gene
pool through the domestication and breeding of crop plants (Lee 1998), and (ii) the
genes that may be advantageous in one plant might have deleterious effect on other
plants (Negrutiu et al. 1984; Frankard et al. 1992). Genetic engineering as well as gene
transfer technologies became more popular due to the drawbacks of the conventional
breeding approaches. Directed efforts by genetic engineering of metabolic pathways
has led to altered plant nutrients (Galili 2002). These efforts need a comprehensive
understanding of the constituent enzymes and plant metabolic pathways. The main
strategy to enhance plant nutrients is by escalating the expression of anabolic biosyn-
thetic genes but the two main reasons limiting the efficacy of this approach are (i)
extra gene copy introduction may have the nonintuitive effect which may diminish
the expression from both the introduced as well as homologous endogenous loci—
this incident of gene silencing is recognized as co-suppression (Napoli et al. 1990)
(ii) maintenance of homeostatic level of nutrients, which are tend to be controlled by
feedback metabolic loop. The main objective of recent technologies is to attain loss-
of-function phenomenon by specific targeting of a gene. To achieve loss-of-function,
DNA or RNA of a particular gene can be targeted generating gene alteration or
silencing. Specific gene in the genome can be targeted by technologies like zinc-finger
nuclease (ZFN) (Urnov et al. 2010), transcription activator-like effector nuclease
(TALEN) (Zhang et al. 2013), mega-nucleases, and clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated nuclease9 (CRISPR/Cas9)
system (Xie and Yang 2013). In transgenic plants, tissue-specific manipulation is of
great significance not only for overexpression but also for silencing. Indeed, RNAi
technology has the huge potential to engineer the nutritional value of plant organs
in a more precise way. Seed-specific RNAi approach has been utilized fruitfully to
suppress the expression of maize zein storage protein, leading to the generation of
dominant high lysine corn (Segal et al. 2003).

10.5 Mechanism of RNAi

Scientists have demonstrated RNAI related phenomenon in plants much before the
discovery of it as a gene silencing event, in worm by Guo and Kemphues (Kusaba
2004). One such phenomenon is co-suppression, where a sense transgene mediates
gene silencing. Here, upon introduction of the exogenous transgene, a coordinated
silencing of transgene and its endogenous homolog (or homologs) was observed.
Co-suppression can be further divided into transcriptional gene silencing (TGS)
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and post-transcriptional gene silencing (PTGS). This PTGS is also termed as RNA
interference or RNAi. RNAI is an evolutionary-conserved biological mechanism that
mediates sequence-specific gene regulation, as the introduction of double-stranded
RNA results in the prevention of expression of specific genes, i.e. silencing of the
genes before they get translated.

10.5.1 Generalized Strategy of RNA Interference

Long dsRNA enters into the cell and turn on the RNA interference mechanism of
the cell. In the series of events, first, the dicer enzyme is recruited followed by
cleavage of dsRNA into small interfering RNA (siRNA). Next, the two strands of
siRNA get distinguished between sense and antisense strands based on the similarity
of sequence between the siRNA strand and the gene to be targeted. For example,
a sense strand denotes the strand of siRNA having the sequence exactly similar to
the target gene. This phenomenon is assisted by RNA-Induced Silencing Complex
(RISC). Subsequently, sense strands get degraded, whereas the antisense strand gets
incorporated into RISC and functions as a guide for the target messenger RNA
(mRNA) in a sequence-specific way. RISC next cleaves mRNA and activated RISC
can take part in the degradation of mRNA in a repeated manner.

10.5.2 Pathways Operating in Plants for RNA Silencing

MicroRNAs (miRNAs) are a type of small RNAs which are a part of PTGS. But
their biogenesis is different from the siRNAs, therefore miRNA operating in RNA
silencing pathway in plants requires a different design of transgene. The primary
miRNA transcripts, also known as primary-miRNA or pri-miRNA, are synthesized
by RNA polymerase II and undergo processing to produce mature miRNAs. Dicer
cleaves the miRNA precursors and yields the mature miRNA (Grishok et al. 2001;
Hutvégner et al. 2001; Lee et al. 2002; Reinhart et al. 2002; Kim 2005). miRNA-
miRNA* forms duplex, which is subsequently methylated by HEN1 (Boutet et al.
2003). The duplex then, gets unwound and mature miRNA binds to argonaute
(endonuclease with PAZ, MID, and PIWI domains) and the passenger strand gets
degraded or rejected. This leads to the formation of miRNP complex. Now as the
sequence of miRNA is only partially complementary to 3’UTR of target mRNA,
AGO protein fails to cleave it. miRNA then interacts with target RNA and mediates
RNAI effect via (1) Repressing mRNA translation, and (2) Removal of mRNA poly
(A) tail.
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10.5.3 Transformation Methods for RNAi Constructs
into Plants

There are several plant-specific RNAi vectors that produce self-complementary
dsRNA when expressed in plants (Horiguchi 2004). Different research laborato-
ries have reported different types of constructs that have the ability to induce PTGS
with nearly 100% effectiveness (Smith et al. 2000). Researchers have widely used the
PANDA vector to introduce the RNAI effects in plants via Agrobacterium-mediated
transformations (Miki and Shimamoto 2004). Occasionally, particle bombardment
(Panstruga et al. 2003) and electroporation (Akashi et al. 2004) are also used for
expressing RNAI cassettes in plant cells.

10.6 Applications of RNAi

10.6.1 Biofortification

“Biofortification” can be understood as approaches for increasing the dietary value
of food crops and at the same time increasing the bioavailability of the nutri-
ents to the population. Indeed, with the aid of modern biology techniques, plant
breeding approaches it is possible to develop biofortified crop plants. In today’s
world, malnourishment and hidden hunger have appeared as a burning issue, mostly
in the developing countries (Muthayya et al. 2013; McGuire 2015) which signi-
fies that in the daily diet intake, essential micronutrients are not adequate. There-
fore, nowadays researchers, across the globe, are focusing on shifting the research
perspective from increasing the productivity of food crops to generating food crops
sufficiently rich in nutrient value. Although nutrient supplementation can be a solu-
tion to address this undernutrition problem, it has several inherent limitations (Gilani
and Nasim 2007; Pérez-Massot et al. 2013).

In this context, biofortification can be a long term and sustainable solution as
it can provide a balanced diet having food crops rich in micronutrients (Hirschi
2009). Humans need approximately 40 micronutrients to have physical and mental
development (White and Broadley 2005). Some of these are iron, manganese, copper,
zinc, iodine, and vitamin A. Essential nutrients like iron, vitamin A, calcium, iodine
are not present in sufficient amounts in rice, wheat, cassava, and maize. Hence, the
population that strictly depends on these agricultural products fails to meet the daily
requirement leading to sickness, morbidity, and stunted growth (Branca and Ferrari
2002).

Therefore, biofortification approach focuses to meet the energy needs and provides
a diet with all essential nutrients by enhancing desired nutrient content in the edible
portion of the crop to be consumed in the diet (Welch and Graham 2005).
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10.6.1.1 RNAI in Enhancing Lysine Content

The inability of humans and cattle to synthesize lysine renders it as an essential amino
acid. Population is dependent upon crops consumed as foods to meet their demand
for lysine. In plants, 3-aspartic semialdehyde, derived from aspartate, functions as
the point where metabolism gets directed toward the lysine branch, diverging from
methionine, threonine, and isoleucine biosynthesis (Azevedo et al. 2006; Stepansky
etal. 2006). The biosynthesis of lysine from aspartate, involves two key enzymes viz.
dihydrodipicolinate synthase (DHDPS) which catalyzes the first committed step for
lysine production and lysine-ketoglutarate reductase/saccharopine dehydrogenase
(LKR/SDH), a bifunctional enzyme, involved in lysine catabolism. The accumulation
of lysine is thought to contribute to feedback inhibition of DHDPS and forward
activation of LKR/SDH (Azevedo et al. 2006; Stepansky et al. 2006). To improve
the lysine content of crops, researchers across the globe are mostly focusing on these
two key steps of lysine metabolism.

10.6.1.2 Corn

Corn is a worldwide harvested and largely consumed crop. Though corn grain is
rich in carbohydrate, protein, and oil, one major drawback is the lower level of
essential amino acid lysine in corn grain, which limits its nutrient value (Houmard
et al. 2007). Researchers have identified that RNA interference-mediated silencing
of LKR/SDH alone resulted in suppression of lysine catabolism in maize endosperm.
However, it leads to accumulation of free lysine in mature kernels. In their experi-
ment, they constructed the transgenic cassette by using the maize endosperm-specific
b32 promoter, Adhl intron, and GIb1 terminator along with the IR sequence targeting
ZLKR/SDH. Agrobacterium-mediated transformation method was used to intro-
duce the cassette in maize embryo, further Western blot analysis revealed reduced
accumulation of LKR/SDH protein in transgenic plants.

F2 plants were obtained from self-pollinated hemizygous F1 and further advanced
to F3 generation. Up to 20-fold increase in free lysine content was observed in
transgenic F3 plants than the control plants.

Therefore this study represents the application of RNAi to develop transgenic
crops with high lysine content. Other group of researchers transformed maize with
constructs expressing chimeric dsRNA, and their results showed kernels with signif-
icant declines in the both 19- and 22-kD a-zeins accumulation, resulting in high
content of lysine and tryptophan levels in transgenic maize compared to wild type
(Huang et al. 2006).
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10.6.1.3 Iron Biofortification in Crop by Phytate Reduction Using
RNAI as a Tool

Worldwide, nearly 2 billion people are suffering from iron deficiency along with
other mineral and vitamin deficiencies (Mayer et al. 2008). According to the report
of WHO 2015, the pregnant women and the preschool students are worst sufferers
due to lack of iron in the diet. Through the intake of diversified foods, micronutrient
supplements, and medicines, the condition can be improved easily (Morrissey and
Guerinot 2009) but the limitations such as geographical and financial capabilities
make them unavailable to everyone (Mayer et al. 2008). The bioavailability of iron
in crops can be increased by agronomic practices, conventional breeding, and genetic
engineering, more successfully by targeting the gene of interest.

Some food like maize, rice, soybean, contains antinutrient like phytic acid (PA),
which chelates metal ions like iron, zinc, which render them insoluble (White and
Broadley 2005). The hydrolysis of phytic acid is catalyzed by the phytase enzyme,
which subsequently leads to the release of phosphate and minerals (Welch and
Graham 2005). Monogastric organisms lack microbial phytase in their gut, making
them incapable to remove phosphate from myoinositol, thereby reducing the iron
bioavailability. Thus, the manipulation of the phytate level is a real move toward
nutrient content in crops.

Though soybean is one of the most nutritious and economically important food
crop, it is accredited with high level of PA, where 2% of the total seed dry weight is
accounted by PA. PA biosynthesis is a multistep process involving many enzymes.
MIPS (myo-inositol-3-phosphate synthase), which catalyzes the primary as well as
the rate-limiting step and IPK1 (Inositol 1, 3, 5, 6-pentakiphosphate 2-kinase) acts
in the final step (Ali et al. 2013).

MIPS catalyzes the formation of inositol-6-phosphate from glucose 6-phosphate
followed by sequential phosphorylation at the remaining five positions of the inos-
itol ring in an ordered manner through various enzymes. It is evident that RNAi
is an efficient technique to effectively downregulate PA synthesis genes in rice,
wheat, and soybean. Many researchers successfully attempted to silence the MIPS
genes by RNAIi approach. Transgenic soybean plants have been generated carrying
RNAI constructs and silencing MIPS under a seed-specific promoter, vicilin. In this
attempt they have generated a MIPS1 intron hairpin construct, expressed using vicilin
promoter, and transformed in normal seedlings of soybean through Agrobacterium-
mediated transformation. In those transgenic plants, about 42% reduced phytate
content with an increased iron bioavailability of 77% were observed.
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10.6.1.4 Application of RNAi in Enhancing Beta-Carotene Content
of Crops

Carotenoids have antioxidant activity which reduces the occurrence of cancers and
other photosensitive diseases. Thus, carotenoids play various roles in human nutrition
and provide many biological functions (Takemura et al. 2014). Human beings partic-
ularly depend on edible crop sources to fulfill the dietary requirements of carotenoids.
Vitamin A is derived from provitamin A which is also known as beta-carotene. Defi-
ciency of vitamin A can result in night blindness, xerophthalmia, measles, etc. (Paine
et al. 2005; Parkhi et al. 2005; Guzman et al. 2010; Shumskaya and Wurtzel 2013).
Nowadays vitamin A deficiency is a major problem as huge numbers of people are
suffering from this deficiency (Tang et al. 2009). To obtain this beta-carotene, people
mostly depend on animal products or on plant products like dark-green leafy vegeta-
bles and fruits. Rice is mostly consumed in the developing countries. However, rice
lacks beta carotene, hence researchers have developed beta-carotene rich golden rice
by engineering the carotinoid biosynthetic pathway (Ye and Beyer 2000; Datta et al.
2003; Paine et al. 2005).

Another major challenge for the production of biofortified rice is to maintain the
dietary qualities of the carotenoid-enriched transgenic rice.

Previous studies have revealed that beta-carotene is more prone to oxidation owing
to the existence of conjugated double bond system (Leenhardt et al. 2006). It is also an
established fact that r9-LOX1 gene of rice is involved in quality deterioration of seed
during storage (Gayen et al. 2014). Therefore, several groups have tried to develop
transgenic golden rice by silencing the endogenous lipoxygenase gene through RNAi
approach with the motive to reduce co-oxidation of carotenoids (Gayen et al. 2015).
Gateway technology-based RNAI vectors were used to reduce the LOX activity inrice
seeds, utilizing tissue-specific oleosin-18 promoter. Oleosin-18 promoter was chosen
as it was capable of reducing LOX activity particularly in the embryo and aleurone
layer of rice grains. The constructed RNAi vector was next introduced into golden
rice line by PDS-1000/He particle delivery system. The enzyme assay revealed that
LOX-RNAI transgenic golden rice seeds (T3) have reduced LOX activity, consistent
with significant reduction in mRNA expression level of LOX gene in different trans-
genic lines (T3). Data obtained from HPLC analysis after artificial storage clearly
demonstrated that downregulation of LOX reduces degeneration of carotenoids at
storage condition. The LOX-RNAI seeds produced less significant amount of ROS
than control seeds during storage condition.

This negligible generation of ROS in LOX-RNAI seeds suggests that LOX had
undergone sufficient downregulation in those transgenic golden rice lines. All these
findings cumulatively help to conclude that downregulation of lipoxygenase enzyme
activity decreases depletion of carotenoids of biofortified rice seeds, suggesting it to
be a possible way to enhance the storage stability and reduce huge postharvest losses
of biofortified rice.
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10.6.2 High Amylose Starch Production by RNAi

The main cause of mortality is coronary heart disease, cancers, and diabetes which
are somehow associated with the diet of an individual. Indeed, to avoid these kinds
of chronic diseases the important strategy would be to improve the nutritional quality
of the foods that are frequently consumed. Wholegrain cereals, like wheat, are
prime targets because of their well-established nutritional candidature and health-
promoting prospective. Human beings obtain maximum minerals, proteins, and fibers
from wheat. As wheat is considered as the staple food for majority of the population,
it can be considered as an important tool to bring about changes in dietary composi-
tion by manipulating the grain composition. The major components of dietary fiber
are resistant starch as well as non-starch polysaccharides those act significant role
in improving health-related issues. In starch, glucose molecules are polymerized
through a-1, 4 and a-1, 6 linkages to produce two classes of polymers—amylose
and amylopectin. Amylose molecules in cooked food reassociate rapidly and form
a complex that resists digestion. However, reassociation of amylopectin is slow and
thus digests rapidly, which explains the presence of higher resistant starch in high
amylose products.

Amylose is synthesized by ground-branching enzymes (GBSS), whereas
amylopectin requires a complex pathway involving several isoforms of SS, starch-
branching enzyme (SBE), and starch-debranching enzymes (Ball and Morell 2003).
The isoforms of SBE are different for monocots and dicots. Being a monocot crop,
maize has three isoforms of SBE, SBEI, SBEIIa and SBEIIb. The suppression of
SBEIIa gene in maize led to induction of amylase content from 50 to 90%, but there
is no such impact on amylase content upon silencing of SBEI and SBEIIa genes
(Blauth et al. 2002). High amylose phenotype (>70%) was observed as a result of
silencing of SBEITa and SBEIIb genes. In this method, DNA fragments corresponding
to exons 1, 2, and 3 and intron 3 of wheat SBEIIa gene and SBEIIb gene were ligated
to generate SBEIla and SBEIIb RNAIi construct. The ligated sequence was intro-
duced into an intermediate vector with promoter sequence from wheat (Anderson
etal. 1989) along with terminator sequence of nopaline synthase gene from Agrobac-
terium (Depicker et al. 1982). The expression cassette from intermediate vectors was
then introduced into binary transformation vectors to make hp-SBEIla and hp-SBEIIb
construct which was transformed into wheat through Agrobacterium tumefaciens.

10.6.3 RNA:i in Oilseed Improvement

Vegetable oils are basically triacylglycerols in which three fatty acids are attached
to a glycerol backbone. Therefore, they are widely present in human and livestock
nutrition as an important source of high calorie. However, in addition this vegetable
source also contributes to the growth of a variety of industrial chemical production,
e.g. biodiesel (Durrett et al. 2008; Dyer et al. 2008). But the problem associated
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with this vegetable oil is the presence of high content of nutritionally beneficial
PUFA (polyunsaturated fatty acids), e.g. linoleic acid (18:2), linolenic (18:3) acids,
which renders vegetable oil unstable for cooking. To overcome this problem, the
vegetable oils are being hydrogenated to reduce the unsaturation and increase the
saturation level. But as a consequence of the process, trans fatty acids are produced
leading to rise in blood low-density lipoprotein (LDL) level, causing severe health-
related issues in humans. This phenomenon led to creation of improved seed oils
with reduced PUFA (Napier 2007). Studies have shown that 3-fatty acid desaturase
(FAD?3) helps in the conversion of linoleate (18:2) to a-linolenate (18:3) in membrane
glycolipids (Hamada et al. 1994). However, RNAI has evolved as a precious tool for
controlling this conversion event (Tomita et al. 2004; Hirai et al. 2007).

10.6.3.1 In Soybean

Linoleic acids (18:2) are converted to linolenic acids (18:3), by FAD3 enzymes
during seed development in soybean (Bilyeu et al. 2003). Improved soybean oil
quality requires reduction of PUFAs by downregulation of all three active members
of FAD3 gene family (Bilyeu et al. 2006).

To achieve the silencing of these three active members of FAD3 family, researchers
have employed a siRNA-producing transgene approach (Flores et al. 2008a). The
highly conserved 318 bp region was amplified and cloned in RNAi cassette of
pMU103 vector. The plant transformation was carried out with the pMUFAD vector.
Seed-specific soybean glycinin gene promoter was used to drive expression of the
RNAI cassette. The Northern blot analysis of mid-mature seeds (T1) for each of 10
RNAI lines revealed that in 5 out of 10 lines, no FAD3 transcripts were detected. The
analysis of fatty acid profile of 23 RNA.I lines revealed that 11 out of 23 transgenic
lines contained reduced in a-linolenic acid (18:3). Contrastingly, these 11 transgenic
lines also showed increase in linoleic acid (18:2) content.

This was the first successful attempt on developing a stably engineered soybean
plant with controlled fatty acid profile achieved through RNAi-based technology.

The exchange of oleic acid to linoleic acid is catalyzed by FAD2 enzyme (Wang
et al. 2015). fad2-2 mutant soybean was generated using CRISPR-Cas9 system (Al
Amin et al. 2019). Guide RNA targeting the FAD2-2 loci in soybean was designed
using various bioinformatics tools. Agrobacterium tumefaciens-based DNA transfer
was used to successfully transform the binary vector (pCas9-AtU6-sgRNA) into
soybean cotyledon. The Near-infrared spectroscopy also validated that transgenic
seeds had an increase in oleic acid content up to (765.58%) than control. Indeed,
in the same transgenic lines linoleic acid level decreased (716.08%). This is how
CRISPR-Cas9 system can help us in manipulating the expression of FAD2-2 gene
which at the same time leads to reduction in linoleic acid content in soybean oil.



10 Improving Nutrient Value of Crops: Applications ... 213
10.6.3.2 Cotton

The main components of seed oil of cotton (Gossypium hirsutum) are 15% oleic
acid, 58% linoleic acid, and 26% palmitic acid. The presence of palmitic acid at
a relatively high-level imparts stability to cotton oil, as a result of which they are
appropriate for high-temperature frying applications, but is nutritionally undesirable,
as this saturated fatty acid has a tendency of raising the level of blood LDL cholesterol.
Therefore, there is an urgent requirement for oils with lower palmitic acid content
but enriched in either oleic acid or stearic acid. Genetic modification of fatty acid
synthesis is the only way to achieve such fatty acid profiles in several oilseed species.
The activity of desaturase enzyme controlling the synthesis of major oil fatty acids
can be downregulated by PTGS.

About 40% increase in rapeseed oil was noticed upon silencing of stearoyl-ACP
_9-desaturase gene activity (Knutzon et al. 1992). However, in cotton seed this anti-
sense and co-suppression technique both have some difficulties. Hence, to circum-
vent this limitation, research groups have employed hairpin RNA-mediated gene
silencing strategy to reduce the expression of two key fatty acid desaturase genes,
ghSAD-I and ghFAD?2-1 encoding stearoyl-acyl-carrier protein _9-desaturase and
oleoyl-phosphatidylcholine _6-desaturase, respectively, in seeds. The hairpin RNA
encoding constructs were designed against ghSAD-1 or ghFAD2-1 gene, followed
by transformation in cotton. Significantly better stearic acid level was observed in
the transgenic cotton seeds upon silencing of ghSAD-1 gene. However, the downreg-
ulation of the ghFAD2-1 gene resulted in increased oleic acid content compared to
wild-type plants. Interestingly, in both high-stearic and high-oleic transgenic cotton
lines, palmitic acid was significantly lowered. This is how RNAI can contribute to
impart stability in seed oil of cotton without compromising its nutritional advantage.

10.6.4 RNAi in Hypoallergenic Plant

Many of the crops consumed daily as food creates problems. For example, consump-
tion of legumes, tomato, potato, fruits like mango, apple, or even staple foods like
rice, maize, wheat can result in exaggerated immune reaction, triggered by potential
allergens present in those crops. This is termed as food allergy. In industrialized
countries, these food allergies are a serious health concern. Food allergens affect
nearly 6% children and 3-4% adults of total United States population (Sicherer
and Sampson 2009). As per the data from the European Federation o