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The current trends of environmental diversity and emerging virus species are
becoming an increasing threat to our way of life economically and physically.
Plant viruses are particularly significant as they affect our food supply and are
capable of rapidly spreading to new plant species. In basic research, plant
viruses have become useful models to analyze the molecular biology of plant
gene regulation and cell-cell communication. The small size of DNA genome
of viruses possesses minimal coding capacity and replicates in the host cell
nucleus with the help of host plant cellular machinery. Thus, studying virus
cellular processes also forms the best system in understanding the DNA rep-
lication, transcription, mRNA processing, protein expression and gene silenc-
ing in plants. A better knowledge of these cellular processes will help us in
designing the antiviral strategies in plants.

This book will focus on the plant virus evolution, their molecular classifi-
cation, epidemics and management. It covers topics on evolutionary mecha-
nisms, viral ecology and emergence, appropriate methods for analysis and the
role of evolution in taxonomy. This edited book also provides the in-depth
knowledge of plant virus gene interaction with host, localization and expres-
sion. This book is expected to provide the most recent information regarding
advances in plant virus evolution, their responses and crop improvement.

This book will be beneficial for molecular biologist and plant virologist
because it combines characterization of plant viruses and disease manage-
ments. When these topics are present together, it is easy to compare all aspects
of resistance, tolerance and management strategies.

Sikar, Rajasthan, India Rajarshi Kumar Gaur
Sofia, Bulgaria Nikolay Manchev Petrov
New Delhi, India Basavaprabhu L. Patil
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Surabhi Awasthi, Reshu Chauhan,
and Raghvendra P. Narayan

Abstract

Viruses are very small pathogenic particles made up of nucleoprotein
(nucleic acid and protein). The study of plant viruses is so important
because they cause diseases to the economically important crops. They
cause a great loss to the quality and quantity of the crops. Plant viruses
show various types of symptoms such as colour breaking, chlorosis, mot-
tling, vein clearing, vein bending, leaf curl, decrease in size, distorted
growth, etc. The plant viruses are very simple and are very host specific.

Keywords

History ¢ Plant virus * Taxonomy * Nomenclature « ICTV

1.1 Introduction

Viruses are very small (submicroscopic) patho-
genic particles (virions) composed of a protein
which forms covering (coat) and a nucleic acid
core. The nucleic acid, which is DNA or RNA,
carries all genetic information required for
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sustaining. All viruses are obligate parasites and
require cellular machinery of hosts for the multi-
plication. Replication and transcription of viruses
to produce more nucleic acid and formation of
proteins takes place within the host cell using
some of the host’s machinery by reprogramming
hosts gene expression (Hanley-Bowdoin et al.
2004). Viruses are not functional outside their
host. Therefore all the viruses are obligate para-
sites. All types of living organisms are hosts for
viruses, but most of the viruses are host specific
and infect only one type of host. Viruses are usu-
ally named on the basis of their host, for example,
viruses that infect bacteria are known as bacterio-
phages, whereas others, those that infect algae,
are phycoviruses, protozoa, fungi that are known
as mycoviruses.
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1.2  Definition

‘Viruses are obligate intracellular parasites that
are capable of infecting eukaryotes, bacteria and
archaea, as well as other organisms’ (Desnues
and Raoult 2012; Desnues et al. 2012; Raoult and
Forterre 2008)

According to Roger Hull (2009), a virus is a
set of one or more nucleic acid template mole-
cules normally encased in a protective coat or
coats of protein or lipoproteins that is able to
organise its own replication only within suitable
host cells. Within such cells, virus replication is
(1) dependent on the host’s protein-synthesising
machinery, (2) organised from pools of the
required materials rather than by binary fission
and (3) located at sites that are not separated from
the host cell contents by a lipoprotein bilayer
membrane and (4) continually gives rise to vari-
ants through several kinds of change in the viral
nucleic acid.

1.3  Plant Viruses

Plant viruses are also obligate intracellular para-
sites as the other viruses that use the molecular
machinery of the host for their replication
(Ahlquist et al. 2003). These viruses are widely
distributed and economically important (Wren
et al. 2006). The plant viruses cause many harm-
ful plant diseases and they are responsible for a
tremendous loss in crop production and crop
quality worldwide. Virus-infected plants show
several kinds of symptoms depending on the dis-
ease type and host but leaf yellowing is common.
Some of the other symptoms of virus infection
are whole leaf or in a pattern of stripes or blotches;
leaf distortion, like leaf curling, mottling and
other growth distortions like stunting of the
whole plant; and abnormalities in flower or fruit
formation (Giampetruzzi et al. 2012).

1.4  History

Tobacco mosaic virus (TMV) was the first virus
to be discovered and studied, which causes
mosaic disease in tobacco plants (Soosaar

S. Awasthi et al.

et al. 2005). In 1882, Adolf Mayer (1843-1942)
while studying tobacco plant described a
condition, which he called ‘mosaic disease’
(Mosaaikkrankheit), and now it is well known to
be caused by the tobacco mosaic virus (TMV).
The diseased plants had variegated leaves that
were mottled (Mayer 1882). He excluded the
possibility of a fungal infection and could not
detect any bacterium and speculated that a
‘soluble, enzyme-like infectious principle was
involved’ (van der Want and Dijkstra 2006). He
did not pursue his idea any further and a major
observation was made in 1892 by Iwanowski
who showed that sap from tobacco plants dis-
playing the disease described by Mayer was still
infective after it had been passed through a
bacteria-proof filter candle (Roger Hull 2009).
However, based on previous studies, it was
thought that this agent was a toxin. Iwanowski’s
experiment was repeated in 1898 by Beijerinck,
who showed that the agent multiplied in infected
tissue and called it contagium vivum fluidum
(Latin for ‘contagious living fluid”) to distinguish
it from contagious corpuscular agents (Beijerinck
1898). Beijerinck and other scientists used the
term virus to describe the causative agents of
such transmissible diseases to contrast them with
bacteria (Roger Hull 2009). Earlier workers used
the term ‘virus’ for both bacteria and viruses, but
later on with more discoveries, the term ‘filter-
able viruses’ was used (Roger Hull 2009). With
further discoveries the word filterable was
dropped and term virus was adopted (Roger
Hull 2009).

In the history of plant viruses, the importance
of tobacco mosaic virus cannot be underesti-
mated. TMV was the first virus to be studied and
also to be crystallised. It was the very first virus
to be studied in detail. In 1941 the first X-ray dif-
fraction pictures of TMV was obtained by Bernal
and Fankuchen. On the basis of her pictures,
Rosalind Franklin discovered the full structure of
the virus in 1955 (Creager and Morgan 2008). In
the year 1941, Heinz Fraenkel-Conrat and Robley
Williams showed that purified tobacco mosaic
virus RNA and its coat protein can assemble by
themselves to form functional viruses, suggest-
ing that this simple mechanism was probably the
means through which viruses were created within
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their host cells. Replication of TMV involves
-sSRNA using + strand RNA as template (Buck
1999; Ishikawa and Okada 2004).

Nowadays at least 3705 viruses are known of
which about 1000 are plant viruses. The plant
viruses are studied because they have negative
impact on crop production. The viruses were
considered as a health threat to humans, livestock
and crop plants. In recent few decades, research
and development in virology has made it possible
in understanding virus-host interactions and has
transformed viruses into important tools of bio-
medicine and biotechnology (Rajamaki et al.
2004). For example, many plant viruses are used
to produce proteins useful for plants and animals
(Pogue et al. 2002), and many animal viruses are
used for the development of vaccines against
human and animal viruses such as chicken pox,
rabies, foot and mouth disease, measles, etc.
(Walmsley and Arntzen 2000).

The development of plant virology can be
categorised into five major (overlapping) ages as
follows according to Roger Hull 2009.

Prehistory age | 752 AD Plant virus in Japanese

poem written by the Empress Koken
and translated by T. Inouye:

In this village

1t looks as if frosting continuously
For; the plant I saw

In the field of summer

The colour of the leaves were
yellowing

1600-1637 Tulipomania
1886 Mayer transmission of TMV

1892 Iwanowski filterability of
™V

1898 Beijerink viruses as an entity

1900-1935 Descriptions of many
viruses

1935 Purification of TMV

1936 TMV contains pentose nucleic
acid

1939 EM TMV rod-shaped particles
1951 TYMV RNA in protein shell
1956 Virus particles made of
identical protein subunit

1955/56 Infectious nature of TMV
RNA

1962 Structure of isometric particles
1983 Structure of TBSV t0 2.9 A

Recognition of
viral entity

Biological age

Biochemical/
Physical age

Molecular age | 1960 Sequence of TMV coat protein

1980 Sequence of CaMV DNA
genome

1982 Sequence of TMV RNA
genome

1984 Infectious transcripts of
multicomponent BMV

1986 Transgenic protection of plants
against TMV

1996 Recognition of RNA silencing

1997 Recognition of virus
suppressors of silencing

The transmissions of animal and plant viruses
use different strategies to move from one host to
other host and from one cell to other. The move-
ments of plant viruses from one plant to the other
need some vector, i.e., means of transmission
such as insects, mites, flies, etc. The movement of
viruses from one plant cell to other occurs
through the plasmodesmata because viruses
cannot pass through the thick cell wall. Plants
probably have specialised mechanisms for
transporting mRNAs through plasmodesmata,
and these mechanisms are thought to be used by
RNA viruses to spread from one cell to another
(Ivanovski 1892).

Classification
and Nomenclature of Viruses

1.5

The arrangement of different living organisms
into different taxonomic categories (taxa) on the
basis of their similarities and/ or relationships is
called as classification, while assigning a particu-
lar name to them is called as nomenclature. The
classification and nomenclature are studied under
broader terminology known as taxonomy. The
taxonomy of viruses is somewhat recent exercise.
Johnson (1927) was the first virologist for empha-
sising the importance of the viral taxonomy. The
earliest classification of virus was based on only
few properties which include ecological and
biological properties, basically the pathological
property which was given greater emphasis.
In 1939, Holmes published his system of classifi-
cation of viruses, which was based on interaction
of host with its pathogen using binomial and



trinomial system of nomenclature. With the dis-
covery of electron microscope and biochemical
studies, the classification of viruses as a group
was done by different virologists such as herpes-
virus group, myxovirus group, poxvirus group,
etc. During this period several attempts were
made to classify viruses but none were perfect.
There was a need to develop a universal system
of viral classification.

Earlier viruses were classified on the basis of
the two developed system, the Linnaean system
and Adansonian system (Roger Hull 2009). The
Linnaean system was based on monothetic hier-
archical system which was developed by
Linnaeus for plant and animal taxonomy. The
classification based on Linnaean system was not
suitable for the classification of viruses due to
several shortcomings. The second system, i.e.,
Adansonian system, was more suitable for the
viral classification because this system considers
several criteria at once. The Adansonian system
used in viral taxonomy is polythetic hierarchical
classification system published by Adanson in
1763. A polythetic class can be defined as the
class in which all the members share the several
properties in common (Adanson 1763).
According to this system, the virus species are
defined by several common properties which
they share. In other words the members of a virus
species are defined collectively by a consensus
group of properties. Earlier this system was not
so feasible due to its complexity of several char-
acters. The problems of Adansonian system were
sort out by use of computers and now it is used
universally. At present more than sixty characters
are used for classifying viruses. Various discover-
ies in cell and molecular biology have provided
many tools and techniques, which helped in com-
paring nucleic acid sequences. The sequencing of
DNA or RNA has helped in creating phyloge-
netic trees for the viruses (Hull 2009).

Several criteria are used for the classification
of viruses. Some of the criterians are virion prop-
erties, which include shape, size, presence or
absence of envelope and peplomers, molecular
mass, buoyant density, sedimentation coefficient,

S. Awasthi et al.

pH stability, thermal stability, cation stability
(Mg, Mn?"), solvent stability, detergent stabil-
ity, radiation stability, properties of proteins,
genome organisation and replication such as type
of nucleic acid, DNA or RNA, single or double
stranded, linear or circular, positive or negative
sense or ambisense, number of segments, size of
genome Or genome sequence, presence Or
absence of 5P terminal cap, presence or absence
of 5P terminal polypeptide, presence or absence
of 3D terminal poly A tract; nucleotide sequence
comparison; number of proteins, size of proteins,
functional activities of proteins, presence or
absence of lipid nature of lipids, presence or
absence of carbohydrate, nature of carbohydrate,
genome organisation, strategy of replication of
nucleic acids, characteristics of translation and
post-translational processing, site of accumula-
tion of virion protein, site of assembly, site of
maturation and release, cytopathology, inclusion
body formation, antigenic properties such as
serological relationship, mapping epitopes and
biological properties; host range, natural and
experimental, pathogenicity, association with
disease, tissue tropisms, pathology, histopathol-
ogy, mode of transmission in nature, vector rela-
tionship, geographic distribution (Roger Hull
2009; Leppard et al. 2007).

The nature (molecular and genetic composi-
tion) of the virus genome packaged into the
virion particle is one of the major factors in
classification of viruses. Possible genome
types are:

— dsDNA

— ssDNA

— ssDNA(-)
— ssDNA(+)
— ssDNA(+/-)
— dsDNA-RT
— ssRNA-RT
— dsRNA

— ssRNA(-)
— ssRNA(+)
— ssRNA(+/-)
— Viroid
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1.6  Baltimore System of Virus

Classification

Developed by David Baltimore (1971). The
Baltimore classification has+RNA as its central
point. This system of virus classification is based
upon the relationship between viral genome and
messenger RNA. All viruses must produce
mRNA, or (+) sense RNA and a complementary
strand of mRNA, or nucleic acid is called (-)
sense (strand) (Voyles 2002). According to
Baltimore viruses can be grouped into seven
classes on the basis of mRNA synthesis:

1. Class 1: dsDNA viruses; mRNA is synthe-
sised normally using negative strand as
template.

2. Class 2: ssDNA viruses ; mRNA is synthe-
sised by double stranded DNA intermediate.

3. Class 3: dsRNA viruses; mRNA is synthesised
by complementary strand(template strand).

4. Class 4: ssRNA viruses; RNA directly func-
tions as mRNA.

5. Class 5: (-) sense sSRNA viruses; mRNA is
synthesised by synthesis of positive strand.

6. Class 6: genome (+) strand RNA viruses;
genome is  synthesised by  reverse
transcription.

7. Class 7: DNA reverse transcribing viruses
with RNA intermediates.

The international committee on nomenclature of
virus was established by a group of 43 virologists
from all over the world in 1966 at International
Congress for Microbiology held in Moscow to
develop a uniform system of classification and
nomenclature (Fauquet et al. 2005). The name of
ICNV was changed to International Committee
on Taxonomy of Viruses in 1974. The ICTV is
the main governing body for all matters related to
viral taxonomy. At present, International
Committee on Taxonomy of Viruses (ICTV) is a
committee of the Virology Division of the
International Union of Microbiological Societies.
The ICTV is made up of an executive committee
(EC) with officers of the ICTV, subcommittee
chairs and elected members. The officers manage
ICTV activities, while the subcommittee chairs
are responsible for managing a series of study

groups that assess the current virus taxonomy
and recommend updates. Elected members assist
the subcommittee chairs in managing the process
of making taxonomic assignments.

At present the ICTV is composed of six sub-
committees. The responsibilities of subcommittee
are to classify fungal and algal viruses, plant
viruses, invertebrate viruses, prokaryotic viruses
and vertebrate viruses. These subcommittees dis-
cuss the classification of newly discovered viruses
and manage rules accordingly. The last commit-
tee, i.e., the sixth subcommittee, is responsible for
managing ICTV data and maintaining the ICTV
database and websites. There are 76 international
study groups (SGs) functioning under ICTV for
the study of families and genera. Each SGs is
headed by the chairman. The chairman is
appointed by the relevant subcommittee chair.
Chairman of the SGs is responsible for (1) organ-
ising discussions among SG members of emerg-
ing taxonomic issues in their field, (2) for
overseeing the submission of proposals for new
taxonomy and (3) for the preparation, or revision,
of relevant chapter(s) in ICTV Reports. Since its
inception ICTV has published nine reports. The
first report was published in 1971, 2nd in 1976,
3rd in 1979, 4th in 1982, 5th in 1991, 6th in 1995,
7th in 2000, 8th in 2005 and 9th in 2011. In 2015
ICTV has published its virus taxonomy release.
According to this taxonomic release, viruses are
divided into seven orders, 111 families, 30 sub-
families, 610 genera and 3705 species.

ICTV activities are governed by statutes
agreed with the virology division. The statutes
define the objectives of the ICTV. These are:

1. To develop an internationally agreed taxon-
omy for viruses;

2. To develop internationally agreed names for
virus taxa

3. To communicate taxonomic decisions to the
international community of virologists;

4. To maintain an index of agreed names of
virus taxa.

The present universal system of viral taxonomy
given by ICTV follows the hierarchical system
which includes order, family, subfamily in some,
genus and species. Lower hierarchical system is



also developed by ICTV. According to ICTV the
hierarchical system is as follows:

Order: An ‘order’ is the highest taxonomic level
of virus classification into which virus species
can be categorised. In the present taxonomic
system, use of order is optional. Some of the
viruses are unassigned during classification. If
‘unassigned’ has been entered, the taxon has
not been assigned to an order. The first order
to be established was Mononegavirales in
1990. This order comprises non-segmented
ssSRNA negative-sense viruses, namely the
families Filoviridae, Paramyxoviridae and
Rhabdoviridae (Fauquet et al. 2005).
According to current taxonomic release of
ICTV (2015), seven orders have been assigned,
while 78 virus families have not been assigned
to any orders. The orders are Caudovirales (3
families), Herpesvirales (3  families),
Ligamenvirales (2 families), Mononegavirales
(5 families), Nidovirales (4 families),
Picornavirales (5 families) and Tymovirales
(4 families), and 78 virus families have not
been assigned to orders.

Family: A ‘family’ is a level in the taxonomic
hierarchy into which virus species can be clas-
sified. If marked ‘unassigned’ (which is rare),
the lower taxonomic level of ‘genus’ has not
been assigned to a family. A total of 104 fami-
lies have been described by ICTV 2015.

Subfamily: A ‘subfamily’ is a level in the taxo-
nomic hierarchy into which virus species can
be classified. Use of the taxonomic level sub-
family is optional. If left blank, the lower tax-
onomic levels of genus and/or species have
not been assigned to a subfamily

Genus: A ‘genus’ is a level in the taxonomic hier-
archy into which virus species can be classi-
fied. Viral genus may be defined as ‘a
population of virus species that share common
characteristics and are different from other
population of species’ (Fauquet et al. 2005).
If ‘unassigned’ (which is rare), that species
has not been assigned to a genus.

Species: The 7th ICTV Report formalised for the
first time the concept of the virus species as
the lowest taxon (group) in a branching hierar-
chy of viral taxa. As defined therein, ‘a virus
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species is a polythetic class of viruses that
constitute a replicating lineage and occupy a
particular ecological niche’ (Van Regenmortel
1990). A polythetic class can be defined as the
class in which all the members share the sev-
eral properties in common. According to this
system, the virus species are defined by sev-
eral common properties which they share. In
other words the members of a virus species
are defined collectively by a consensus group
of properties. Virus species thus differ from
the higher viral taxa, which are ‘universal’
classes and as such are defined by properties
that are necessary for membership.

One ‘type of species’ is chosen for each genus
to serve as an example of a well-characterised
species for that genus. If the value in this column
is ‘1°, this indicates that this species has been
chosen as the type species for its genus.

1.7  Nomenclature of Viruses
The guide line for naming of viruses by ICTV
(9th Report) are as follows:

The genus name ends in ‘-virus’, subfamily
name ends in ‘-virinae’, family name ends with
‘-viridae’ and order name ends with ‘-virales’
universally in formal taxonomy. In viral taxon-
omy, the finalised names of virus orders (e.g.,
Caudovirales), families (e.g., Myoviridae), sub-
families (e.g., Pseudovirineae Peduovirineae) and
genera (e.g., Hpunalikevirus) are printed in
italics, and the first letters of the names are written
in capitals. The names of species are printed in
italics with first letter of first word in capital (e.g.,
Mumps virus). The rest of the words is not capital-
ised unless they are proper nouns (e.g., West Nile
virus), parts of proper nouns (Enterobacteria
phage MS2) or alphabetical identifiers (e.g.,
Enterovirus A). Names of virus strains, on the
other hand, are not italicised. The first letter of the
first word is not capitalised (e.g., herpes simplex
virus) unless it is a proper noun, typically based
on the binomial name of the species it infects
(Van Regenmortel 1999; Mayo 2000).

The outline of present, (ICTV taxonomic
release, 2014) taxonomy of viruses is as follows:
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Abstract

Plant viruses are obligate parasites and their survival depend on being able
to spread from one susceptible organism to another. Viruses cannot pene-
trate the intact plant cuticle and the cellulose cell wall. Therefore penetra-
tion is made trough wounds in the surface layers, such as in mechanical
inoculation and transmission by vectors. There is specificity in the mecha-
nism by which the plant viruses are naturally transmitted. They are impor-
tant economically only if they can spread from plant to plant rapidly. They
are contagious agents that differ in their transmissibility. No transmission
of virus occurred when the virus titer in the inoculum was too low and
there is no susceptibility between virus, vector, and host. Also the presence
of some substances in the inoculum, which inhibited the infection process,
hampered the transmission of viruses. Knowledge of the ways in which
plant viruses spread is essential for the development of control measures.

Keywords

Transmission ® Plant viruses

2.1 Introduction

Plant viruses must go through two stages during
their infection cycle. First, they must replicate
inside host cells, employing cellular systems;
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they have to move to adjacent cells (short-
distance movement) and, through the vascular
system, reach other tissues and organs (long-
distance movement). Second, viruses must spread
to new hosts; to do that, they have to cross cellu-
lar barriers to enter cells. For most plant viruses
this process is assisted by vector organisms
(Matthews 1991). Transmission from plant to
plant is an essential process for virus survival.
Plant viruses have developed several strategies to
perform this task efficiently, in many cases
involving the existence of specific viral gene
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products known to facilitate the transmission pro-
cess (Hull 1994; Gray 1996; Van den Heuvel
et al. 1999).

Plant viruses are transmitted in different ways
in nature-mechanical transmission, through the
soil, by grafting, by planting material, through
pollen, by seed, and by animal and vegetable
vectors.

2.2 Mechanical and Contact

Transmission

Mechanical transmission is when the viral parti-
cles contained in the juice of the diseased plant
penetrate trough fresh wounds and infect the liv-
ing cells of the healthy plant. Shortly after injury
the cells die and cannot be the starting points for
the penetration of viruses in plants. Most often,
these wounds are obtained by touch and rubbing
the leaves and stems of diseased plants that grow
nearby. Not all viruses, however, infect in this
way, but only highly infectious as TMV and
PVX. Mechanical infections in tobacco, toma-
toes, and other plants whose leaves are covered
with plant trichomes are frequent. Touching the
trichomes they break and juice of diseased plants
is mixed with the juice of the healthy. For this
contributes planting, breaking off sprouts, wring-
ing, and other operations by which only one sick
plant can contaminate the hands of the workers
and the tools and infect many other healthy
plants.

Grafting is an old established method to prop-
agate the plants vegetatively. This is the easy way
of transmission of virus from the scion or bud to
rootstock through sap. The effectiveness of inoc-
ulation of sap-transmissible viruses can be
increased by dusting the leaves by fine carborun-
dum powder prior to inoculation (Rawlins and
Tompkins 1936). The reported sap-transmitted
virus includes cucumber mosaic virus (CMV),
tobacco mosaic virus (TMV), potato virus X
(PVX), and some geminiviruses. It implies direct
transfer of sap from wounded plant to healthy
plant on tools, hands, clothes, or machinery. PVX
and Pepino mosaic virus can easily be spread by
farm implements. The ability of these viruses to
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be spread by sap in the field is due to their extreme
stability.

2.3 Transmission by Soil,

Drainage, and River Water

By its nature, transmission by soil is also a
mechanical transmission in which are grown dis-
eased plants. In this case the source of infection is
the remains of diseased plants in which certain
viruses such as TMV, cucumber green mottle
mosaic virus (CGMMYV), and PVX retain their
infectivity continuously. In very rare cases,
viruses released from the roots of diseased plants
and adsorbed to soil particles cause infections.
(Smith et al. 1969). Highly infectious viruses in
tomatoes — tomato mosaic virus (ToMV) and
cucumber (CGMMYV) — are being widely dis-
seminated in greenhouses where the plants are
grown hydroponic. In this case the nutrient solu-
tion acts as a carrier of these viruses. Viruses are
isolated from the rivers passing through major
cities such as the Thames, which flow into the
city’s canals (Tomlinson et al. 1982, 1984).

2.4  Transmission by Grafting

The safest way to transmit viruses is through the
tissues from diseased to healthy plants. In vegeta-
tively propagated crops, this transfer plays a big
role because through it people transmit those
viruses that do not carry mechanically or by vec-
tors. Typically, in order to ensure the infection is
necessary to obtain the bond between the graft
and the substrate. Transmission by grafting is
practiced for identifying viruses that infect not
mechanically or were transmitted hardly by juice.
In the natural conditions infections by grafting are
possible not only in the vegetative propagation of
plants, but spontaneously — in coalescence of
roots of growing adjacent sick and healthy plants.
They are particularly important for viruses that
are found primarily in the roots, as in the prune
dwarf virus in peach. Transmission by grafting is
typical for Potyviruses like plum pox virus (PPV)
in plums and PVY in pepper and tomato.



2 Transmission and Movement of Plant Viruses

2.5 Transmission by Planting

Material

With few exceptions, the viruses are in varying
concentrations in nearly all tissues of the dis-
eased plants. Therefore planting material
obtained from such plants as cuttings, seedlings,
buds, tubers, bulbs, etc., carries viral infection.
That is why this mode of transmission and spread
of viruses is essential in vegetatively propagating
crops such as fruits, vine, berries, hops, potatoes,
bulbs, and flowers. Regular transmission of the
viruses in the generation of vegetatively propa-
gated crops leads to the so-called degeneration.
Plants received from infected propagating mate-
rial are source of infection for neighboring plants.
Thus from generation to generation the percent-
age of diseased plants is increasing and the yield
is decreasing. This degeneration is quickly and
typically for crops with a short growing season,
such as potatoes. Therefore identification of
potato viruses (PVY, PLRV, PVM, and PVS) in
time is in great importance to stop the spread of
disease and degeneration of potato cultivar. More
often for 2-3 years, diseased tubers reach 100 %,
so that its further cultivation is unprofitable and
inappropriate.

2.6 Transmission Through Pollen
The virus transmitted by pollen may infect the
seed and the seedlings which grow from it or it
can also infect the plant through the fertilized
flower. The pollen transmission is known to occur
mainly in fruit trees like sour cherry. The ILAR
(PPV, prune dwarf virus, prunus necrotic spot
virus) viruses are known to be transmitted
through pollen.

2.7 Transmission Through Seeds

Viruses that are transmitted trough seeds have
some common properties. Most of them are
mechanically transmitted easily; in infected
plants mainly produce symptoms of mosaic and
necrosis due to changes in the parenchymatous
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tissue. Aphids carry viruses transmissible through
seeds but these are mainly nonpersistent viruses.
Most cases of transmission of viruses trough
seeds was by nematodes. Especially easy they
carry the seed of annual weeds (Lister and Murant
1967).

Many important virus diseases are known to
be transmitted by seeds. Bean common mosaic
virus (BCMV) and CMV were among the first
reported to be transmitted through seeds (Reddick
and Stewart 1919). Pea seed-borne mosaic virus
has been dispersed throughout the world in
infected seeds. Seed-borne virus transmission
involves virus-host interaction, a floral-infection
stage, and the influence of the environment.
Infection of an embryo with a virus is the most
important factor of plant virus transmission
through seed. TMV is a very stable virus that
remains infectious on the surface of the seed coat.
During germination or planting, seedlings get
infected with TMV as a result of mechanical
infection (Taylor et al. 1961; Broadbent 1965).
Southern bean mosaic virus is found in the seed
coat. The transmission frequency is, however,
very low, and the virus is inactivated during the
process of seed transmission (Crowley 1959;
McDonald and Hamilton; 1972; Uyemoto and
Grogan 1977). Melon necrotic spot virus is also
seed transmitted, but no infection occurs when
seeds containing the virus are sown in soil with-
out the fungal vector Olpidium bornovanus (Hibi
and Furuki 1985).

In general, plants infected after or shortly
before the onset of flowering escape virus trans-
mission. Seed transmission depends upon the
ability of the virus to infect micro- and mega
gametophyte tissues that give rise to infected pol-
len and ovaries. Ovule-based virus transmission
is quite common, and few seed-transmissible
viruses infect their progeny through pollen
(Carroll and Mayhew 1976a, b; Carroll 1981;
Hunter and Bowyer 1997). In ovule-based trans-
mission, the virus infects floral parts early in their
development. In pollen transmission, on the other
hand, the virus is able to infect the floral meri-
stems and pollen mother cells at an early stage,
before the appearance of the callose layer (Hunter
and Bowyer 1997). The virus-host interaction
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plays a significant role in determining the fre-
quency of seed transmission. Different isolates of
the same virus show differences in frequency in
the same or different cultivars of the same host
(Timian 1974; Wang et al. 1993; Johansen et al.
1996, details in later part). Age of plant and envi-
ronmental factors such as temperature also affect
transmission rate (Hanada and Harrison 1977,
Xu et al. 1991; Wang and Maule 1997).

2.8 Transmission by Vectors

2.8.1 Virus Transmission by Insects
In nature, most of the viruses are transmitted by
vectors. These are organisms able to carry-over
the virus from one plant to another over a short or
long distance. The majority of plant virus vectors
belong to the Arthropoda, in the classes Arachnida
and Insecta (Harris 1981). Bennett first reported
transmission of virus by insect (Bennett 1940).
Insects transfer viruses in persistent and non-
persistent manner (Watson and Roberts 1939).
Persistently transmitted viruses are acquired
from a diseased plant and the vector cannot trans-
fer it to healthy plant immediately. First, the virus
has to circulate within the midgut of the insect
and later reach to the salivary system. The period
between the acquisition of virus by vector and
transmission to healthy plant is called latent
period. Nonpersistent viruses are acquired by the
vector and transmitted in a few seconds. The
potato virus Y (PVY) is transmitted in nonpersis-
tent manner, while potato leaf roll virus (PLRV)
is persistent in its vector, Myzus persicae.
Aphids are the most important group of vec-
tors because of their abundance and feeding
behavior (Harris 1991). Leathoppers and plant
hoppers also are important vectors of many
viruses, and they have a similar feeding mecha-
nism (Nault and Ammar 1989). Treehoppers,
thrips, whiteflies, mealybugs, mites, beetles, and
other insects are also vectors of different viruses
(Matthews 1991). From all known plant viruses,
around 70% are insect transmitted, and more
than 50 % of those are transmitted by homopteran
vectors (Francki et al. 1991). In some cases, the
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virus is able to replicate in vector cells. Specificity
and selectivity of the transmission process influ-
ence the epidemic spread of diseases caused by
plant viruses (Ferris and Berger 1993). Therefore,
it is of great importance to study the transmission
process with the ultimate practical purpose of
designing effective strategies of controlling the
spread of many economically important
diseases.

2.8.1.1 Classification of Transmission
Modes

Relationships of plant viruses and their insect
vectors can be differentiated according to the
duration of retention inside the vector. Acquisition
of the virus from the vector spans from initiation
of probing in the plant until the vector becomes
able to transmit the virus. Period of latency is the
time required after acquisition before the virus
can be readily inoculated while the retention is
the period for which the vector remains virulent.

Noncirculative and circulative transmission
can be differentiated based on the sites of reten-
tion and the routes of movement through the vec-
tor (Matthews 1991). Noncirculative viruses are
associated temporally with the surfaces of the
digestive tract of the vector. These viruses have
no latency period, and they are lost after molting.
Noncirculative viruses can be either nonpersis-
tent or semipersistent. Nonpersistent viruses are
acquired in brief periods like seconds, and they
can be inoculated immediately after acquisition,
and retention is limited to short periods.
Transmission is considered semipersistent when
its efficiency increases directly with duration of
acquisition and inoculation periods.

Circulative viruses need translocation inside the
vector to be transmitted. Most of these viruses are
found in vascular tissues of plants, and some cannot
be inoculated mechanically. They need a latent
period after acquisition. Circulative transmission
can be classified into non-propagative and propaga-
tive. Non-propagative transmission occurs when the
virus does not replicate in the vector, although it
needs to cross barriers in the digestive tract of the
vector to reach the hemolymph and, from there, the
salivary glands to be inoculated during subsequent
feeding. In propagative transmission, the virus is
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able to replicate inside cells of the vector during its
circulation; thus, the virus is a parasite of both plants
and insects. In some cases, the virus can even be
passed on transovarially to the vector progeny.

2.8.1.2 Nonpersistent
and Semipersistent
Transmission

Most of plant viruses are circulative (nonpersis-
tent and semipersistent). In most cases, the num-
ber of virions needed for transmission may be too
low (Walker and Pirone 1972), and extremely
sensitive and specific methods of detection are
needed to identify the presence of virus within
the vector (Plumb 1989). Although retention time
is generally considered short, its duration may
depend on specific conditions, and, in practice,
nonpersistent viruses have been shown to be
retained for sufficient time to travel rather long
distances in their vectors (Zeyen and Berger
1990). As is typical of piercing-sucking insects,
aphids make brief insertions of their stylets to
probe the adequacy of the plant as a food source,
sucking sap and injecting saliva in the process.
As a result, acquisition and inoculation of non-
persistent viruses occur during these probes
(Lopez-Abella et al. 1988).

The acquisition of noncirculative viruses is
related to intracellular ingestion by the vector,
and the inoculation of the virus occurs during
salivation (Martin et al. 1997). The transmissibil-
ity of viruses belonging to the genus Cucumovirus,
on the other hand, depends on characteristics of
only the capsid protein (CP) of the virions. For
Potyvirus and Caulimovirus, vector transmission
depends on characteristics of both the CP and the
helper component (Pirone and Blanc 1996;
Pirone 1977).

2.8.1.3 Circulative Non-propagative
Transmission

Circulative non-propagative plant viruses are
transmitted across vector membranes, and they
have to survive inside the vector during circula-
tion until they are inoculated in the host plant.
The digestive system of insects can be divided
into foregut, midgut, and hindgut. Entry of circu-
lative plant viruses into the hemolymph may
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occur during their passage along the digestive
tract through the midgut or hindgut. Once in the
hemolymph, the virus moves to the salivary
glands and passes into the saliva to be excreted
later through the salivary duct (Gray 1996). For
chewing insects such as beetles, the actual route
of circulation could be different, with the viruses
being transported across salivary gut membranes
to the hemolymph. However, this process might
not be totally essential, and the virus might be
directly inoculated from the regurgitant (Wang
et al. 1992).

2.8.1.4 Circulative Propagative
Transmission

Some virus genera consist of plant viruses with
complex infection cycles. They can replicate in
the cells of their insect vectors, being parasites of
both plants and animals. Propagative relation-
ships include a long-term association with the
vector that may have adverse effects on the insect
host, for instance, in longevity and fecundity. In
some cases, propagation includes transovarial
transmission of the plant virus to the vector prog-
eny. Propagative viruses encode genes that are
differentially expressed in their infection cycle
(Falk et al. 1987). Propagative plant viruses
belong to families including viruses that also
infect animal hosts (Bunyaviridae, Reoviridae,
and Rhabdoviridae) and to the genera Marafivirus
and Tenuivirus.

2.8.2 Virus Transmission
by Nematodes

Many viruses are transmitted by soilborne nema-
todes. The three genera of nematode — Xiphinema,
Longidorus, and Trichodorus — of the order
Dorylaimida are known to transmit plant viruses.
Nematode’s vectors feed on cells of root tips with
their stylet, acquiring viruses. The virus is
retained within the gut or esophagus and trans-
mitted to plants during feeding of nematodes.
There are 38 Nepoviruses and 3 Tobraviruses
already have been reported to be transmitted by
soilborne nematodes (Williamson and Gleason
2003).
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The stylets of Longidorids consist of an odon-
tostyle, surrounded by a stylet guide sheath, for
penetration of root tip cells as deep as the vascu-
lar cylinder, and a stylet extension, the odonto-
phore, with nerve tissues and protractor muscles.
The odontophore passes into the esophagus and
the esophageal bulb, containing large gland cells
that secrete saliva (Brown et al. 1995). During the
feeding process, the stylet is inserted and after
salivation the cytoplasm of penetrated cells is
ingested. Trichodorids usually feed on epidermal
cells by pressing their lips against the cell wall
that is torn by the stylet so that the cell contents
can be sucked in. Subsequently, the food passes
through the pharynx and esophagus into the gut
(Brown et al. 1995).

The natural distribution of Longidorus and
Trichodorus spp. depends mainly on climate.
Most Xiphinema spp. are found in the tropics and
the Mediterranean. In contrast, the number of
Trichodorus and Paratrichodorus spp. tends to
decrease from north to south (Dijkstra and De
Jager 1998). Soil type is another important factor
that plays a role in the distribution of some longi-
dorids and trichodorids. The vertical distribution
of Longidorus and Trichodorus spp. shows great
variation. Longidorus spp. prefer surface- rooted
hosts; hence, most of them live in the upper soil
layers, about 20 cm deep (Taylor 1967). In con-
trast, Xiphinema spp. are present in large num-
bers around deep-rooted host plants at depths
varying from 20 cm to a couple of meters,
depending on the type of soil (Taylor 1972).
Usually, nematodes move to deeper layers in the
soil during dry or very cold periods.

2.8.3 Virus Transmission by Fungal
Vectors

The fungi are obligate endoparasites of plants
that form zoospores. They belong to the
Chytridiomycota  (Olpidium spp.) or the
Plasmodiophoromycota (Polymyxa spp. and
Spongospora spp.). Two species of Olpidium (O.
bornovanus and O. brassicae), two species of
Polymyxa (P. betae and P. graminis), and one spe-
cies of Spongospora (S. subterranea) are natural
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vectors of viruses (Campbell and Sim 1994;
Campbell 1996). The life cycles of the two cate-
gories of fungal vectors have much in common
(Adams 1991; Campbell 1996). Thick-walled
resting spores are formed inside roots or young
tubers of the host plant. With the plasmodio-
phorids the resting spores are formed in clusters,
whereas the chytrids have single resting spores.
When the infected roots or tubers decay in the
soil, the spores are released. Depending on the
conditions in the soil, resting spores germinate
and release motile primary zoospores that move
to roots. The zoospores attach to the root hairs or
epidermal cells, often in the zone of elongation
(Campbell and Fry 1966; Temmink 1971). In this
process, the flagella are withdrawn and a cyst
wall is secreted. Upon encystment of the zoo-
spore, the axonema with its axonemal sheath is
withdrawn inside the zoospore body (Temmink
and Campbell 1969a, b; Temmink 1971).

The two types of fungal vectors use different
mechanisms for penetration of the host cell. With
Olpidium spp., belonging to the chytrids, the pro-
toplast of the cyst enters the host through a minute
pore dissolved in the wall of the host cell. With
the plasmodiophorid fungi, Polymyxa spp. and
Spongospora spp., the wall of the host cell is pen-
etrated by a stylet. As soon as the cyst has settled
down on root hairs or epidermal cells of the roots
it forms a tube, the end of it being pointed at the
surface of the host. The tube contains the stachel.
Infection proceeds rapidly by evagination of the
tube, resulting in a firm attachment to the host
with an adhesorium and, subsequently, in punc-
turing the host wall with the stachel. The stachel is
released into the host cell, where after the proto-
plast of the cyst follows. With both types of vec-
tors, the protoplast of the fungus moves into the
cytoplasm of the host, where the young thallus
evolves into a multinucleate primary plasmodium
that is enveloped in a thin thallus membrane. The
thallus develops into zoosporangia from which
the secondary zoospores are released into soil
water. With Olpidium spp. the zoospores escape
from the sporangia through a distinct exit tube
penetrating the outer wall of the host cell. In the
later part of the cycle, the thallus, now enveloped
in a thicker membrane, develops into resting
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spores or resting sporangia that may remain via-
ble in root debris for a long time. The fungal vec-
tors exhibit considerable host specificity.

According to the current classification of
viruses (Pringle 1999), fungus-borne viruses are
found in the genera Tombusvirus, Carmovirus,
Necrovirus, and Dianthovirus of the family
Tombusviridae; Furovirus, Pomovirus,
Pecluvirus, and Benyvirus; and the genus
Bymovirus of the family Potyviridae (Mayo
1995).

2.9 Movement of Plant Viruses

Plant virus movement is divided into two phases:
(1) cell to cell, or short distance, and (2) long dis-
tance. Cell to cell movement is when an invading
virus is transported from initially infected epider-
mal cells through the mesophyll and phloem
parenchyma in the susceptible host (Carrington
et al. 1996). In the absence of such cell-to-cell
movement, the infection is confined to the ini-
tially infected cell and said to be subliminal
(Cheo 1970; Schmitz and Rao 1996). The major-
ity of plant viruses encode a nonstructural pro-
tein, referred to as a movement protein (MP) for
promoting viral movement between cells. In
some viral systems, in addition to MP, the struc-
tural or coat protein (CP) is also required to
mediate this process. Thus, the overall movement
process can either be coat protein independent or
coat protein dependent.

2.9.1 Coat Protein-Independent

Movement

In those viral systems which do not require the CP
for cell-to-cell movement, the MP alone is suffi-
cient. The best-understood example is TMV. The
first two genes from its genome encode replicase
proteins and the fourth encodes the structural CP
(Dawson and Lehto 1990). The third gene speci-
fies the production of a 30 kDa protein that is not
required for replication or encapsidation. A TMV
mutant with deletions in this gene replicates and
encapsidates in protoplasts but does not move
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systemically in plants (Meshi et al. 1987). This
suggests that the 30 kDa protein is involved in
viral spread. The Lsl mutant strain of TMV does
not infect tobacco at 32 °C, whereas the parental
L strain remains infectious (Nishiguchi et al.
1978). Lsl infect tobacco in the presence of L at
32 °C. This implies that L can complement the
movement function of Lsl (Taliansky et al.
1982b). The virus moves from cell to cell via
plasmodesmata, which are, however, too small to
allow free passage of virions or viral genomes
(the gateway capacity or size exclusion limit
(SEL) is not sufficient). To test this, fluorescent
molecules of different sizes were injected into
mesophyll cells of transgenic and nontransgenic
plants. Molecules no larger than 0.7 kDa moved
from cell to cell in nontransgenic plants, whereas
9.4 kDa molecules moved from cell to cell in the
transgenic plants that accumulate the TMV-MP
(Wolf et al. 1989). Although the plasmodesmata
could accommodate the passage of these large
molecules, which were predicted to have diame-
ters between 2.4 and 3.1 nm, the modified plas-
modesmatal SEL was still not large enough for
the passage of virions or free-folded viral
RNA. The modified plasmodesmata could allow
the passage of viral RNA as a single-strand com-
plex. Since TMV mutants unable to encapsidate
can move from cell to cell (Saito et al. 1990), the
virus must be able to move from cell to cell either
as a naked RNA or as a virus-specific ribonucleo-
protein complex (Dorokhov et al. 1983).

2.9.2 Tubule-Guided Mechanism

Cells infected with cowpea mosaic virus (CPMV)
have distinct tubules that penetrate the plasmo-
desmata (Van Lent et al. 1990). When penetrated
by tubules, plasmodesmata lose their character-
istic desmotubules. Since the tubules penetrate
the plasma membranes of protoplasts, the tubules
are not modified desmotubules (Van Lent et al.
1991). Such tubular structures are involved in
cell-to-cell movement of CPMV (Kasteel et al.
1996). Two overlapping genes that produce pep-
tides 58 kDa/48 kDa in size are needed along
with the viral CP gene to establish a successful
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CPMV infection (Wellink and Van Kammen
1989). The 58 kDa/48 kDa proteins are not nec-
essary for replication, but they do localize to the
tubular structures (Van Lent et al. 1990). The 48
kDa protein is involved in tubule formation
(Kasteel 1999). Nepovirus infection also induces
the formation of movement-associated tubules.
An antibody raised against the 45 kDa protein of
tomato ringspot virus, analogous to the CPMV
48 kDa protein, recognizes the tubules
(Wieczorek and Sanfacon 1993). Spherical
objects appear to move through the tubules
induced by both Nepo- and Comoviruses (Deom
et al. 1992).

2.9.3 Non-tubule-Guided
Mechanism

The cell-to-cell movement of CMV is also depen-
dent on both the MP and the CP proteins
(Taliansky and Garcia-Arenal 1995; Canto et al.
1997). CP required to support CMV movement is
distinct from that of BMV CP. CMV variants
lacking a CP, similar to BMV failed to move
from cell to cell (Canto et al. 1997). Unlike BMYV,
virion assembly is not a prerequisite for CMV
movement, since assembly-defective CMV vari-
ants were able to induce local lesions due to effi-
cient cell-to-cell spread (Kaplan et al. 1998;
Schmitz and Rao 1998). CMV also induces
tubules in transfected protoplasts. However,
tubules do not contribute to viral movement,
since mutant CMV RNA3 defective in tubule
production is competent for cell-to-cell and sys-
temic spread (Canto and Palukaitis 1999).

2.9.4 Movement Complementation
by Heterologous Movement
Proteins and Other Virus
Genes

A virus normally unable to move from cell to
cell in a particular plant may be able to move
with the help of a second virus of heterologous
origin. Despite extensive variation in morphol-
ogy, host range, and genome organization, many
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taxonomically distinct plant viruses exhibit com-
plementary movement functions that may be a
result of MP cross-compatibility (Atabekov et al.
1990). For example, whereas TMV-L can com-
plement the movement of TMV-Lsl under high
temperatures, PVX can complement the move-
ment of TMV in Tm-2 gene tomato plants that
normally resist TMV infection (Taliansky et al.
1982a). TMV and RCNMV are functionally
homologous, since the cell-to-cell spread of
movement-defective variants of TMV and
RCNMV can be complemented in transgenic
Nicotiana benthamiana plants expressing heter-
ologous MPs (Giesman-Cookmeyer et al. 1995).
However, while examining the cross-compatibil-
ity between MPs of TMV and CMYV, it was
observed that transgenic N. tabacum cv. Xanthi
(tobacco) plants expressing the TMV-MP gene
supported cell-to-cell movement, but not the sys-
temic movement, of a movement-defective CMV
(Cooper et al. 1996). Transgenic plants accumu-
lating CMV MP can complement the movement
of a movement-defective CMV and a wild type
of BMV in inoculated leaves but cannot support
the movement of TMV-Lsl, RCNMYV, or potato
leafroll virus (Kaplan et al. 1995). MPs share
only a few identical amino acids (Melcher 1990).
Based on amino acid and structural similarities
in a nontaxonomic sense, an attempt was made
to group the 30 kDa MPs. Eighteen groups are
identified as “30 K” superfamilies: the MPs of
Alfamo-/ILAR-, Badna-, Bromo-, Capillo-/
Tricho-, Caulimo-, Cucumo-, Diantho-, Furo-,
Gemini-, Idaeo-, Nepo(A)-, Nepo(B)-, Tobamo-,
Tobra-, Tombus-, and Umbraviruses. Five groups
of possible candidates are the MPs of Clostero-,
Rhabdo-, Tenui-, and Waikaviruses and the
phloem proteins. These groups can be sub-
grouped into four different sub-superfamilies
(Melcher 2000).

Virus movement is regulated by either the MP
alone or the MP in combination with the
CP. Other gene products, such as replicase, also
appear to influence the movement process. For
example, several BMV replicase mutants capable
of efficient replication and packaging in proto-
plasts failed to systemically infect barley plants
(Traynor et al. 1991). Replicase genes of BSMV
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(Weiland and Edwards 1994), CMV (Gal-On
et al. 1995), and TMV (Nelson et al. 1993), as
well as nonstructural protein pl9 of Tomato
bushy stunt virus (Scholthof et al. 1995) and a
helper component proteinase of potyviruses
(Cronin et al. 1995) have demonstrated specific
roles in movement.

2.9.5 Role of Host Plantin Viral
Movement

Viral movement in a given host plant is regulated
also by the type of host itself. An unidentified
host factor is also involved in potentiating the
cell-to-cell movement of progeny viruses (Deom
et al. 1992). Nicotiana benthamiana is suscepti-
ble to many viruses. For example, BMV has a
very narrow host range. However, N. benthami-
ana is susceptible to BMV infection and the virus
accumulates to very high concentrations (Rao
and Grantham 1995). Following viral infections
such as TMV, the MP increases the plasmodes-
matal SEL in the previous plant species, permit-
ting cell-to-cell movement of progeny virus
(Lucas and Gilbertson 1994). It is possible that
the plasmodesmatal SEL at the bundle sheath/
phloem parenchyma cell barrier is inherently
higher in N. benthamiana than in N. tabacum.
This can explain why N. benthamiana is suscep-
tible to a heterologous MP-mediated systemic
infection by CMV and also to BMV (Rao et al.
1998). Likewise, the behavior in several hosts of
a hybrid virus constructed between BSMV and
RCNMV suggests that host-specific factors are
involved in virus transport function (Solovyev
et al. 1997).

2.10 Conclusion

Plant viruses are transmitted in nature in different
ways from which the most common, with most
economic importance, and widespread way is
transmission by insects. There are different trans-
mission modes. Virus movement is a complex
process which involves virus and host factors. All
these fundamental investigations about plant

27

virus transmission and movement are essential
for epidemiology to develop controlling strate-
gies to stop virus spread.
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Abstract

The recent demonstration that the plant virus tobacco mosaic virus repli-
cates and expresses in the plant pathogenic fungus Colletotrichum spp.
provides opportunities for examining fundamental aspects of the biology
of plant pathogenic fungi and of their interaction with the host. The small
genome size and the ability in colonizing systemically the host have
implemented the use of plant viruses to carry segments of host genes that
can then promote the silencing of the RNAs expressed from the corre-
sponding endogenous genes in a process called virus-induced gene silenc-
ing (VIGS). This chapter presents support for the view that VIGS with a
direct transfection of a plant virus vector in fungal cells can be used for
functional genomics also in fungi that activate an antiviral defense based
on RNA interference (RNAi). The silencing of genes in filamentous fungi
is technically more problematic and labor intensive than in plants, espe-
cially if transgenic plants need to be generated first. Compared to current
strategies to employ RNAI to investigate the basis of fungal pathogenesis,
the VIGS approach described here is more direct, easy to do, and feasible.
Future perspectives of both basic and practical aspects of this technology
are discussed.
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Tobacco mosaic virus * Plant pathogenic fungi * VIGS
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species of zoosporic organisms that are known
vectors of plant viruses (Rochon et al. 2004), and
there are two modes of transmission recognized
in virus—fungal vector relationships, denoted
in vitro and in vivo transmission (Campbell
1996). In vitro transmission occurs when virus
particles are adsorbed from soil onto the surface
of zoospore membrane being able to enter zoo-
spore cytoplasm only when the flagellum is with-
drawn in. Thus, in this type of transmission,
which is associated mostly to viruses with spheri-
cal particles, virions are not present in the spores
but enter the plant root cells following zoospore
encystment, through a mechanism that is not
known. The so-called in vivo transmission is
characteristic of viruses with rod-shaped parti-
cles, which are retained inside resting spores or
zoospores where they might replicate. Driskel
et al. (2004) demonstrated that soilborne wheat
mosaic virus (SBWMYV) and wheat spindle streak
mosaic virus (WSSMV) were internalized in
their vector Polymyxa graminis where the detec-
tion of movement protein (MP) of SBWMYV and
of the coat protein (CP) of WSSMV suggested
viral replication and expression. In particular,
since SBWMV MP is translated from a subge-
nomic RNA, this mode of expression would
require production of minus strand RNAs and
subsequent transcription of subgenomic RNAs.
This synthesis would endorse the SBWMYV repli-
cation in P. betae but such minus strand RNAs
have not been detected (Driskel et al. 2004).

Similarly, Verchot-Lubicz et al. (2007) pro-
vided evidence for replication of beet necrotic
yellow vein virus (BNYVV) and association of
its MP with resting spores of P. betae suggesting
that it might be a host other than a vector for
BNYVV. This hypothesis was supported by the
detection of viral replicase inside resting spores
and zoospores and by the accumulation of
BNYVV P42, P13, P15, and P14 proteins, which
are translated from subgenomic RNAs derived
from its RNA2.

Thus recent evidences demonstrate that some
rod-shaped RNA plant viruses replicate and
express in their fungal vectors. From the early
studies of Brants (1969) and Nienhaus and Mack
(1974), it was also known that both tobacco

T. Mascia and D. Gallitelli

mosaic virus (TMV) and tobacco necrosis virus
could infect the plant pathogen Pythium sp.
although direct proof for viral replication in this
organism was not provided. Further attempts to
infect other fungal species like Gaeumannomyces
graminis, Aureobasidium bolleyi, and Pythium
ultimum with barley stripe mosaic virus (BSMV)
were unsuccessful (Lange 1977) so this line of
research did not receive further attention, proba-
bly also because the interest for viruses of fungi
focused on true mycoviruses (Pearson et al. 2009;
Ghabrial and Suzuki 2009).

Recently, Mascia et al. (2014) in the attempt
to use virus-induced gene silencing (VIGS) for
functional studies in filamentous fungi, through a
direct virus infection, showed that TMV could
indeed infect three species of Colletotrichum,
C. acutatum, C. clavatum, and C. theobromicola
and replicate therein. Here we report on how this
evidence was provided and highlight basic and
practical implications of the results.

3.2 Infection and Expression

of TMV in C. acutatum

Two approaches were conducted to produce a
TMV infection in C. acutatum. One involved
addition of a purified virus suspension to a liquid
culture of the microorganism placed on a rotatory
shaker, while the second method involved adding
sap extracted from infected plants in phosphate
buffer and filtered or centrifuged to remove plant
debris. In both instances it was compulsory to set
up a liquid culture of the fungus 6 h before virus
inoculation, starting from an inoculum of approx
10° conidia/ml. This gap was necessary to the
fungus to reach a phase of germinating conidia
prior to be exposed to viral inoculum. Attempts
to produce a TMV infection in liquid cultures
established by using, as starter, mycelia collected
from agar plates were unsuccessful.

Infection of C. acutatum by TMV was a pro-
cess as efficient as in plants. The virus was pres-
ent already in 100% of the mycelia samples
collected after 24 h incubation in liquid medium
following the addition of the viral preparation but
how the virus entered the fungus is not known. In
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plants TMV is transmitted readily by contact
through wounds produced by rubbing between
leaves of infected and healthy plants, during root
growth in soil contaminated by plant debris or
during germination of seeds contaminated exter-
nally by virus particles in infected fruits (Hull
2014). Similarly, it is possible that TMV entered
C. acutatum hyphae via light damage to cell
membrane generated during the liquid culture
shaking or through natural openings produced in
sporulation/growing processes. This might occur
especially at the growing tip, where the old cell
wall is broken down to accommodate the growth
of the new hypha. This hypothesis is supported
by the observation that to get a successful infec-
tion, liquid culture should start from germinating
conidia rather than from mycelia. Interestingly
Yu et al. (2013) demonstrated that a purified
preparation of the mycovirus Sclerotinia sclero-
tiorum hypovirulence-associated DNA virus 1
(SsHADV-1) could infect directly the fungal host
when applied to mycelia growing on potato dex-
trose agar, i.e., apparently, without any injury to
hyphae, and Brants (1969) reported that addition
of carborundum to wound shaking cultures of
Pythium sp. did not have any effect of the ability
of TMV to enter mycelia. Thus it is still contro-
versial whether TMV needs or not artificial
wounding to enter mycelia of fungi. A third entry
option is pinocytosis through plasma membrane,
after damage of cell wall that might occur during
shaking.

Observations with a transmission electron
microscope (TEM) on dips of C. acutatum treated
with sodium hypochlorite to eliminate virus par-
ticles adhering to hyphae externally showed
masses of TMV-like rods inside fungal cells and
extensive membrane vesiculation. The presence
of TMV particles was confirmed by in situ immu-
nogold labeling (IGL), as abundant IGL signals
were seen scattered in the cytoplasm and/or asso-
ciated with vesicles. Despite this, infection by
TMV did not alter the growth rate, morphology,
or pathogenicity of C. acutatum, nor vice versa
replication in fungal mycelia altered TMV char-
acteristics as the virus re-isolated or purified from
infected cultures retained typical particle mor-
phology and high infectivity to plants.

Persistence of TMV particles up to 20 days
post-inoculation (dpi) and up to 2 months after
seven subcultures in agar plates suggested viral
replication inside fungal cells. This was con-
firmed by quantitative estimates of viral RNA by
dot-blot hybridization with a TMV-specific
probe, which showed a sixfold increase of TMV
RNA accumulation from 5 to 20 dpi and by the
detection of the replication-specific, negative-
sense strand of the viral RNA and of the subge-
nomic RNA for the translation of viral CP
(Mascia et al. 2014). TMV subgenomic RNAs
are not encapsidated in virus particles but tran-
scribed from negative-sense strand of the viral
RNA synthesized during replication. Thus their
detection provides strong evidence for viral repli-
cation and expression in C. acutatum.

Replication and expression of TMV in cells of
C. acutatum was confirmed also by using the
recombinant vector TMV-GFP in which the ORF
of a gene encoding the green fluorescent protein
(GFP) was transcribed in fungal cells from a
duplicate of the TMV CP subgenomic mRNA
promoter. The experiment demonstrated that the
recombinant viral vector could be a promising
strategy to obtain foreign protein expression in
fungi. One major constraint to the ectopic expres-
sion of proteins in fungi is the instability as they
are lost usually during subculture. The GFP-
derived fluorescence was observed in both fungal
hyphae and conidia and was maintained for six
subcultures.

3.3  Why Produce a Plant Virus

Infection in Fungi?

Due to the small-size genome, plant viruses have
been implemented as expression vectors to study
fundamental processes in plant biology. Recent
applications in functional studies include expres-
sion of ectopic proteins and of fragments of plant
genes to silence endogenes (Senthil-Kumar and
Mysore 2011). The latter process, termed VIGS,
delivers in plant cell sequences homologous to a
target gene via a recombinant virus and exploits
the natural plant defense mechanism based on
RNA interference (RNAi). RNAi is a process
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conserved in animals, plants, and fungi to play
fundamental roles like regulation of mRNA accu-
mulation and translation, chromatin silencing,
programmed DNA rearrangements, genome sur-
veillance, and host defense against invasive
nucleic acids and viruses. The pathway entails
the synthesis of a double-stranded RNA (dsRNA),
which is recognized and diced into 21- to 25-long
dsRNA fragments by ribonucleases of the Dicer-
like protein (DCL) family. The small fragments
produced—denoted small interfering RNAs
(siRNA)—are then loaded onto members of the
Argonaute protein (AGO) family to form an
RNA-induced silencing complex that uses one of
the two strands of the siRNA to direct RNA deg-
radation, translational repression, or DNA meth-
ylation of sequence homologous target genes
(Melnyk et al. 2011; Wang et al. 2012). In VIGS,
the plant RNAi system generates siRNAs from
and against both the viral RNA and the expressed
gene sequence and since plant viruses move sys-
temically, the silencing process continues in
newly formed leaves allowing VIGS to be used
for high throughput screening in functional
genomics. Thus, in principle, VIGS could be
applied to any (micro)organism in which a virus
is able to replicate and move systemically.

The defensive role of the RNAi pathway also
operates in fungi (Nuss 2011; Chang et al. 2012;
Nicolas et al. 2013). It was first demonstrated in
the chestnut blight fungus Cryphonectria para-
sitica, in which a Dicer-like gene, dcl2, and an
Argonaute-like gene, agl2, were involved in the
defense response against a mycovirus (Segers
et al. 2007; Sun et al. 2009). Since then central
components of the RNAi pathway have been dis-
covered and tested in a number of plant patho-
genic fungi as means for functional studies or for
the development of fungal-derived resistance
through the expression of silencing constructs in
host plants. An exhaustive list of RNAI target
genes and constructs tested in Ascomycota,
Basidiomycota, Zygomycota, and oomycetes
Phytophthora spp. can be found in the review of
Nunes and Dean (2012). As a consequence, new
viral vectors and VIGS protocols have been
implemented also in fungi. For example, the bar-
ley stripe mosaic virus (BSMV)-VIGS system

T. Mascia and D. Gallitelli

has been used successfully for RNAi of specific
pathogenicity genes in Puccinia triticina by
siRNA generated in planta through infection of
the BSMV vector expressing dsRNAs from
pathogen’s genes involved in the induction of the
disease in wheat (Panwar et al. 2013a). The ecto-
pic expression of such genes in wheat using
BSMV-VIGS constructs resulted in the genera-
tion of complementary siRNA molecules in sys-
temic leaves which were transferred from the
host to the colonizing pathogen P. triticina cells
where they triggered RNA silencing of the cor-
responding genes, resulting in disease suppres-
sion. Since siRNAs are generated in the host, this
approach is also termed host-induced gene
silencing (HIGS) but how the small RNA mole-
cules traffic from the plant into fungal cells is not
fully understood (Nunes and Dean 2012).

The same result could be obtained using a
transient RNAi approach based on Agrobacterium
tumefaciens-mediated infiltration (agroinfiltra-
tion) of fungal genes capable of forming hairpin-
like RNA in wheat plants and trigger RNAi
(Panwar et al. 2013b). However a major draw-
back of agroinfiltration was that significant RNAi
of the target fungal genes was transient and
observed only within the agroinfiltrated wheat
leaf areas (Panwar et al. 2013b), while the
BSMV-mediated VIGS of P. friticina genes
resulted in systemic spread of silencing in wheat
plants consistent with virus replication and move-
ment (Panwar et al. 2013a). Compared to agroin-
filtration, a systemic viral infection results also in
a more-persistent silencing effect that could
prove particularly useful for determining the role
of fungal genes that are expressed late in infec-
tion (Panwar et al. 2013a).

An alternative way to achieve the same objec-
tives is to transform host plants with fragments of
the target fungal genes. Highly structured dsR-
NAs of these fragments are incorporated in plant
genome to trigger RNAi and produce siRNAs
that would traffic from the plant into the fungal
cells. The approach has been exploited success-
fully with Fusarium verticillioides in tobacco
(Tinoco et al. 2010), Blumeria graminis in barley
(Nowara et al. 2010), Bremia lactucae in Lactuca
sativa (Govindarajulu et al. 2014), F. oxysporum
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f-sp. cubense in banana (Chag et al. 2014), and P.
infestans in potato (Jahan et al. 2015). Besides
the complexity of the transformation and han-
dling of transgenic plants, the risk also exists that
HIGS constructs could target and negatively
affect the host plant.

Finally, Mascia et al. (2014) have shown that
RNAI can be expressed in phytopathogenic fungi
by direct transfection with a plant virus-based
vector, i.e., without either plant or Agrobacterium
intermediates. For the purpose, the isolate C71 of
C. acutatum was transformed with a binary plas-
mid vector to express constitutively GFP under
the regulation of the constitutive translation elon-
gation factor (TEF) promoter from Aureobasidium
pullulans and the glucoamylase terminator from
Aspergillus awamori. The transgenic expression
of GFP in hyphae and conidia of the resulting
transformant CATEF10 was demonstrated by
observation under the epifluorescence micro-
scope, while the mitotic stability of the integrated
transgene and of its expression was confirmed by
more than 20 subcultures in liquid and solid
media. Such GFP expression was downregulated
easily in CATEF10 cultures following addition of
the TMV-GFP vector to culture medium either as
sap extracted from infected plants of Nicotiana
occidentalis or as purified preparation. Similarly
to VIGS in plants, the C71 RNAi system gener-
ated siRNAs from both the viral RNA and the
expressed GFP gene sequence resulting in the
almost complete downregulation of the trans-
genic GFP sequence present in CATEF10, as
estimated by quantitative PCR and epifluores-
cence microscope observations (Mascia et al.
2014). Interestingly, also the TMV sequences of
the recombinant vector were targeted by fungal
RNAIi as demonstrated by the detection of the
virus-specific siRNAs confirming that, similarly
to true mycoviruses, also plant viruses are recog-
nized as invasive agents and processed to degra-
dation by the fungal RNAi machinery.

Thus, compared to HIGS, agroinfiltration, or
other methods to trigger fungal RNAi for func-
tional studies, VIGS approach using a recombi-
nant plant virus vector seems more easy to do,
direct, and feasible.

3.4 Current Issues and Future
Perspectives in the Use
of Plant Virus Infection

in Fungi

There are both basic and practical aspects in
exploiting plant virus infection in fungi. Basic
research requires information on how plant
viruses enter fungal mycelia; how they replicate,
express, and move; and how long they persist
therein. Practical issues include effects of virus
infection on fungal growth, metabolism, patho-
genicity and persistence, and transmission of the
silenced phenotype to fungal progeny.
Hypotheses on how TMV enters mycelia have
been formulated already. Once inside, the virus
interacts with fungal cells, as demonstrated by
the abundant proliferation of the endoplasmic
reticulum (ER) and dictyosomal vesicles that
may serve as scaffold for viral replication and/or
movement like in plants (Liu and Nelson 2013).
Preliminary IGL observations with an antiserum
raised against TMV replicase indicated that the
enzyme accumulated in electron-dense bodies
that are part of the vesiculation (Mascia et al.
unpublished information). Interestingly, no TMV
particles were found in older hyphae, but these
retained the extensive membrane proliferation
suggesting either that virus replication was lim-
ited to the growing tip of the hyphae or that the
virus was eliminated in old hyphae that also
undergo autophagy (Voigt and Poggeler 2013).
As for the role of other genes coded by the TMV
genome, probably the possession of a sequence
coding for a movement protein would be irrele-
vant within a fungal host, as anticipated by
Pearson et al (2009) in formulating hypotheses
on the origin of mycoviruses. TMV particles
should be able to spread throughout the entire
mycelium, since the septa separating hyphal cells
have pores large enough that allow free flow of
organelles and mycovirus particles and thus
should not represent a barrier to those of a plant
virus. However, like in plants (Liu and Nelson
2013), the formation of an ER-MP-viral RNA
complex traveling through mycelia cannot be
excluded. Ongoing experiments in our lab with
IGL and TMV mutants defective in replicase
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(Csorba et al. 2007) or MP (Peir6 et al. 2014)
would clarify these points on TMV life cycle
in fungi.

Practical issues focus on the use of VIGS for
functional genomics and its collateral effects on
pathogen’s characteristics and the persistence of
the silenced phenotype in living tissues. Mascia
et al. (2014) demonstrated that TMV-GFP repli-
cated in cells of C. acutatum with efficiency com-
parable to that observed in plant cells but unlike
in plants, the viral vector did not induce evident
detrimental effects to the fungal morphology,
growth, and pathogenicity. This is a key point in
conducting VIGS studies, as effects on host phe-
notype and other deleterious characteristics can
mask the effect on the gene to be silenced
(Ratcliff et al. 2001). On the other hand, attention
must be paid for adverse effects of the construct
itself on the host. For example, while TMV infec-
tion did not alter morpho-functional parameters
of C. acutatum, both transient and transgenic
expression of the reporter gene GFP induced
approx.1.5-fold reduction in the growth rate and
in the endopolygalacturonase activity, which is
an enzyme involved in pathogenicity. When
viewed under TEM, cells expressing GFP either
transgenically or ectopically showed electron-
dense protein aggregates, which were recognized
by an antiserum raised against GFP in IGL
(Mascia et al. 2014 and unpublished informa-
tion). These electron-dense bodies were not
observed in CATEF10 cells with GFP-silenced
phenotype.

As for the persistence of the silenced pheno-
type, RNAi has been shown to be a potent and
elegant system to silence posttranscriptionally
selected genes in fungi that have the components
of the silencing machinery. However, a striking
disadvantage of the method could be the instabil-
ity of the silencing construct, which may cause
reversion of the silenced phenotype to wild type
after prolonged cultivation on solid substrates and
often after the first mitotic event (Meyer 2008). In
the VIGS approach discussed in this chapter, the
transgenic expression of GFP in CATEF10 was
totally abolished and remained silenced stably up
to six subcultures on solid medium, i.e., approxi-
mately 65 dpi with TMV-GFP. Fluorescence was
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monitored at each
subculture showing no reversed silencing effect
that was observed only at the seventh passage.
Therefore, as in plants, the systemic RNAIi signal
followed fungal growth, and in fact no infectivity
was associated with TMV-GFP back inoculated to
plants with crushed mycelia of the sixth subcul-
ture, providing also direct evidence that the silenc-
ing signal targeted both the GFP transcript and the
TMV-GFP RNA. This, in turn, poses the question
whether the pl22 protein suppressor of RNA
silencing encoded by TMV would be ineffective
in counteracting RNAi in fungal cells. An effi-
cient viral suppressor of RNAi (Csorba et al.
2015) would affect the silenced phenotype and
cause reversion to wild type as in plants with the
regression of disease symptoms during recovery
(Ghoshal and Sanfagon 2015).

For functional studies in plant—pathogen inter-
actions, it is imperative that the fungal silenced
phenotype is maintained also during the infection
in host plant. To test this, CATEF10 with silenced
GFP was inoculated in wounded apple fruits and
leaves of olive seedlings. After 3 weeks, sites of
infection necrotized and could not provide any
information on the maintenance of GFP silenc-
ing, due to fluorescence emitted from the necro-
tized infected tissues. However, the isolation of
the fungus from such fruit or leaves of olive seed-
lings and propagation on agar plates showed that
the GFP in CATEF10 was still silenced, indicat-
ing that VIGS silencing of the transgene was
maintained also in living tissues.

3.5 Concluding Remarks
Compared with conventional gene knockout
strategies in fungi, RNAI has several advantages
and fewer drawbacks. One major advantage is
that RNAi can be induced transiently, overcom-
ing the need of permanent deletion of specific
genes, which may be lethal for the organism and
independently of the fungus asexual reproduction
pathway.

Its use will need some refined insights and
adaptation, for example, to biotrophic fungi, but
it is out of doubt that because of its simplicity, it
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offers new opportunities in the studies of human,
animal, and plant mycology.

References

Brants H (1969) Tobacco mosaic virus in Pythium spec.
Neth J Plant Pathol 75:296-299

Campbell RN (1996) Fungal transmission of plant viruses.
Annu Rev Phytopathol 34:87-108

Chag SB, Shekhawat UKS, Ganapathi TR (2014) Host-
induced posttranscriptional hairpin RNA-mediated
gene silencing of vital fungal genes confers efficient
resistance against Fusarium wilt in banana. Plant
Biotechnol J 12:541-553

Chang SS, Zhang Z, Liu Y (2012) RNA interference path-
ways in fungi: mechanisms and functions. Annu Rev
Microbiol 66:305-323

Csorba T, Bovi A, Dalmas T, Burgyan J (2007) The p122
subunit of tobacco mosaic virus replicase is a potent
silencing suppressor and compromises both small
interfering RNA- and microRNA-mediated pathways.
J Virol 81:11768-11780

Csorba T, LeventeKontra L, Burgyan J (2015) Viral
silencing suppressors: tools forged to fine-tune host-
pathogen coexistence. Virology 479-480:85-103

Driskel BA, Doss P, Littlefield LJ, Walker NR, Verchot-
Lubicz J (2004) Soilborne wheat mosaic virus move-
ment protein and RNA and Wheat spindle streak
mosaic virus coat protein accumulate inside resting
spores of their vector, Polymyxa graminis. Mol Plant
Microbe Interact 17:739-748

Fry PR (1958) The relationship of Olpidium brassicae
(War.) Dang. to the big-vein disease of lettuce. N Z
J Agr Res 1:301-304

Ghabrial SA, Suzuki N (2009) Viruses of plant pathogenic
fungi. Annu Rev Phytopathol 47:353-384

Ghoshal B, Sanfacon H (2015) Symptom recovery in
virus-infected plants: revisiting the role of RNA
silencing mechanisms. Virology 479—480:167—-179

Govindarajulu M, Epstein L, Wroblewski T, Michelmore
RW (2014) Host-induced gene silencing inhibits the
biotrophic pathogen causing downy mildew of lettuce.
Plant Biotechnol J 13(7):875-883. doi:10.1111/
pbi.12307

Grogan RG, Zink FW, Hewitt WB, Kimble KA (1958)
The association of Olpidium with the big-vein disease
of lettuce. Phytopathology 48:292-296

Hull R (2014) Plant virology, 5th edn. Academic, San
Diego

Jahan SN, Asman AKM, Corcoran P, Fogelqvist J,
Ramesh R, Vetukuri RR, Dixelius C (2015) Plant-
mediated gene silencing restricts growth of the potato
late blight pathogen Phytophthora infestans. J Exp
Bot. doi:10.1093/jxb/erv094

Lange L (1977) Experiments on establishing a BSMV infec-
tion in three phytopathogenic fungi. Phytopathol Z

90:184-188, http://dx.doi.org/10.1111/).1439-0434.1977.
tb03235.x

Liu C, Nelson RS (2013) The cell biology of tobacco
mosaic virus replication and movement. Front plant
Sci 4:12. doi:10.3389/fpls.2013.00012

Mascia T, Nigro F, Abdallah A, Ferrara M, De Stradis A,
Faedda R, Palukaitis P, Gallitelli D (2014) Gene
silencing and gene expression in phytopathogenic
fungi using a plant virus vector. Proc Natl Acad Sci
U S A 111:4291-4296

Melnyk CW, Molnar A, Baulcombe DC (2011)
Intercellular and systemic movement of RNA silenc-
ing signals. EMBO J 30(17):3553-3563

Meyer V (2008) Genetic engineering of filamentous
fungi—progress, obstacles and future trends.
Biotechnol Adv 26:177-185

Nicolas FE, Torres-Martinez S, Ruiz-Vazquez RM (2013)
Loss and retention of RNA interference in fungi and
parasites. PLoS Pathog 9:¢1003089. doi:10.1371/jour-
nal.ppat.1003089

Nienhaus F, Mack C (1974) Infection of Pythium arrehno-
manes in vitro with tobacco mosaic virus and tobacco
necrosis virus. Z Pflanzenkrankh 81:728-731

Nowara D, Gay A, Lacomme C, Shaw J, Ridout C,
Douchkov D, Hensel G, Kumlehn J, Schweizer P
(2010) HIGS: host-induced gene silencing in the obli-
gate biotrophic fungal pathogen Blumeria graminis.
Plant Cell 22:3130-3141

Nunes CC, Dean RA (2012) Host-induced gene silencing:
A tool for understanding fungal host interaction and
for developing novel disease control strategies.
Molecular Plant Pathology 13:519-529

Nuss DL (2011) Mycoviruses, RNA silencing, and viral
RNA recombination. Adv Virus Res 80:25-48

Panwar V, McCallum B, Bakkeren G (2013a) Host-
induced gene silencing of wheat leaf rust fungus
Puccinia triticina pathogenicity genes mediated by the
Barley stripe mosaic virus. Plant Mol Biol
81:595-608

Panwar V, McCallum B, Bakkeren G (2013b) Endogenous
silencing of Puccinia triticina pathogenicity genes
through in planta expressed sequences leads to sup-
pression of rust diseases on wheat. Plant
J73:521-532

Pearson MN, Beever RE, Boine B, Arthur K (2009)
Mycoviruses of filamentous fungi and their relevance
to plant pathology. Mol Plant Pathol 10:115-128

Peir6é A, Martinez-Gil L, Tamborero S, Pallds V, Sanchez-
Navarro JA, Mingarroa I (2014) The tobacco mosaic
virus movement protein associates with but does not
integrate into biological membranes. J Virol
88:3016-3026

Ratcliff F, Martin-Hernandez AM, Baulcombe DC (2001)
Tobacco rattle virus as a vector for analysis of gene
function by silencing. Plant J 25:237-245

Rochon DA, Kakani K, Robbins M, Reade R (2004)
Molecular aspects of plant virus transmission by
olpidium and plasmodiophorid vectors. Annu Rev
Phytopathol 42:211-241


http://dx.doi.org/10.1111/pbi.12307
http://dx.doi.org/10.1111/pbi.12307
http://dx.doi.org/10.1093/jxb/erv094
http://dx.doi.org/10.1111/j.1439-0434.1977.tb03235.x
http://dx.doi.org/10.1111/j.1439-0434.1977.tb03235.x
http://dx.doi.org/10.3389/fpls.2013.00012
http://dx.doi.org/10.1371/journal.ppat.1003089
http://dx.doi.org/10.1371/journal.ppat.1003089

38

Segers GC, Zhang X, Deng F, Sun Q, Nuss DL (2007)
Evidence that RNA silencing functions as an antiviral
defense mechanism in fungi. Proc Natl Acad Sci U S
A 104:12902-12906

Senthil-Kumar M, Mysore KS (2011) New dimensions
for VIGS in plant functional genomics. Trends Plant
Sci 16:656-656

Sun Q, Choi GH, Nuss DL (2009) A single Argonaute
gene is required for induction of RNA silencing antivi-
ral defense and promotes viral RNA recombination.
Proc Natl Acad Sci U S A 106:17927-17932

Tinoco MLP, Dias BBA, Dall’Astta RC, Pamphile JA,
Aragio FJL (2010) In vivo trans-specific gene silenc-
ing in fungal cells by in planta expression of a double-
stranded RNA. BMC Biol 8:27

T. Mascia and D. Gallitelli

Verchot-Lubicz J, Rush CM, Payton M, Colberg T (2007)
Beet necrotic yellow vein virus accumulates inside
resting spores and zoosporangia of its vector Polymyxa
betae: BNYVV infects P. betae. Virol J 4:37.
doi:10.1186/1743-422X-4-37

Voigt O, Poggeler S (2013) Self-eating to grow and kill:
autophagy in filamentous ascomycetes. Appl
Microbiol 97:9277-9290

Wang M-B, Masuta C, Smith NA, Shimura H (2012) RNA
silencing and plant viral diseases. Mol Plant Microbe
Interact 25:1275-1285

Yu X, LiB, FuY, Xie J, Cheng J, Ghabrial SA, Li G, Yi X,
Jiang D (2013) Extracellular transmission of a DNA
mycovirus and its use as a natural fungicide. Proc Natl
Acad Sci U S A 110:1452-1457


http://dx.doi.org/10.1186/1743-422X-4-37

Diverse Roles of Plant and Viral
Helicases: Current Status
and Future Perspective
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and Supriya Chakraborty

Abstract

The ubiquitous helicases form a large family of proteins which are required
for all the aspects of nucleic acid metabolism and have been classified into
six evolutionarily conserved superfamilies (SF1-SF6). The members of
different helicase families are related by elements that unify them at the
structural level, despite dissimilarities in their organization and mecha-
nism they employ. The cellular nucleic acids require a transient and local
unzipping in order to participate and accomplish various cellular functions
such as replication, transcription, and repair, for which the unzipper pro-
tein (helicase) is indispensable. In addition to maintain proper growth and
development, plants employ various helicases to assist in genome stability.
In fact, viruses with smaller genome and limited coding potential, rely
largely on host machineries for their infection and thus, are found to code
for helicase proteins. This chapter will briefly introduce an updated knowl-
edge on the structural and functional diversity that exists among members
of the helicases. Further, the diverse roles of the helicases encoded by
plants and plant infecting ssDNA viruses have been discussed.

Keywords
Plant virus * Helicase ® Superfamily ¢ Replication * Pathogenesis

4.1 Introduction

Helicases are translocases (motor proteins) that
are capable of altering DNA structure by facili-
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Fig. 4.1 Diverse roles performed by cellular helicases.
DNA helicases are employed during replication (a) and
nucleic acid remodeling process (b). RNA helicases help
in resolving the secondary structures formed in the mRNA
and making it available for various processes (c), act as
RNA chaperones, and bring about correct folding of the

and integral component of diverse protein com-
plexes which participate in various steps involv-
ing both DNA and RNA. These helicases are
involved in multitude of cellular processes and
are evolutionarily conserved (Fig. 4.1). In fact,
DNA helicases facilitate metabolic processes
such as DNA repair, replication, and recombina-
tion, while RNA helicases assist in transcription,
RNA splicing, RNA editing, RNA transport,
RNA degradation, ribosome biogenesis, and
translation machinery (Tanner and Linder 2001).
Either absence or defect of helicases in humans
causes various pathological disorders which in
turn underscores the essentiality of this enzyme
in diverse cellular processes (Abdel-Monem
et al. 1976).

4.2 Classification

Gorbanlenya and Koonin (1993) proposed a
classification of helicases based on the short
conserved amino acid sequences, and they have
been classified into six superfamilies as SF1,

mRNA (d). In addition, they also assist in RNA splicing
(e), in initiation of translation (f), and in nonsense-
mediated mRNA decay (g). The red-colored boxes repre-
sent the helicase proteins associated with either DNA or
RNA

SF2, SF3, SF4, SF5, and SF6. The general clas-
sification reveals differences in number of dis-
tinct conserved motifs as well as minor
differences in the consensus sequences within
the conserved motifs among different groups.
All these helicases share certain common fea-
tures such as the presence of ATP-binding motifs
and hydrolysis of ATP (ATPase). This ATPase
motif shares similar structural elements and
topology in relation to RecA, a protein involved
in recombination by catalyzing strand exchange
within homologous strands of ssDNA and
dsDNA in an ATP-dependent manner (Clark and
Margulies 1965). These helicases also possess
three-dimensional folds which are reminiscent
of RecA (RecA-like folds) and forms a func-
tional part of the minimal structural core domain.
Furthermore, ATP-binding motifs include a con-
served walker A (phosphate-binding loop) and
walker B motif (Walker et al. 1982). With the
expanding database of the structure of helicases,
it became more evident that the tertiary struc-
tures of these proteins shared similar spatial
arrangements of the conserved helicase motifs.
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4.2.1 Non-hexameric Helicases
The DNA helicase from Bacillus stearother-
mophilus (PcrA protein) is the first member of
SF1 superfamily for which the crystal structure
was solved (Subramanya et al. 1996). A striking
similarity between the ATP-binding domain of
PcrA protein and the RecA protein, in terms of
the topological folding and structure, was also
revealed. The characteristic feature of RecA-like
fold indicates that it consists of a number of cen-
tral sheets sandwiched between helices, referred
as o/P core domain (Story et al. 1992). RecA-like
domain forms the basic catalytic and functional
unit of NTPase (Ye et al. 2004). The nucleotide-
binding pocket is a cleft that is formed by two
adjacent RecA-like domains, wherein nucleotide
is bound to one RecA-like domain. However, for
nucleotide hydrolysis, the contribution of resi-
dues surrounding RecA-like domain is also
reported to be necessary. ATP hydrolysis brings
motion in the protein domains relative to each
other which in turn is transduced into the strand
separation of duplex nucleic acids (Fig. 4.2).
Superfamilies 1 and 2 (SF1 and SF2) form the
largest and most studied groups of helicases.
They were initially identified to comprise of

seven motifs, but later on other motifs such as Q
motif and TxGx motif were also identified
(Gorbalenya et al. 1989). SF1 and SF2 helicases
contain two RecA-like domains in a single poly-
peptide (Fig. 4.2). In motif I resides the walker A
box (phosphate-binding P-loop) that contains a
highly conserved lysine residue (AxxGxGKT,
where x is any amino acid) positioned at the tip of
the 1 strand. The amino group of lysine side
chain in motif I make contact with the phosphates
of the NTP, while the hydroxyl group of threo-
nine forms coordinate bond with the Mg?* ion.
The walker B motif (DExx, where x is any amino
acid residue) is found within the 3 strand. The
negatively charged aspartate residue coordinates
with Mg?* ion, whereas glutamate acts as a cata-
lytic base that activates the attacking water mol-
ecule during ATP hydrolysis (Story and Steitz
1992). Mutational studies in a protein involved in
DNA damage and repair pathway (UvrD protein)
suggest that the motif I is not critical in ATP bind-
ing; however, it affects ATP hydrolysis, thereby
altering its unwinding activity (George et al.
1994). Furthermore, the importance of the resi-
dues in motif IT of UvrD protein in NTPase activ-
ity and the rate of unwinding without any effect
on NTP binding has been demonstrated (Brosh

=
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Fig.4.2 Mechanism of unwinding by SF1 helicase. (a) A
simplified schematic diagram showing a monomeric heli-
case protein (SF1) that comprises of two RecA domains
(N-terminal and C-terminal referred as domain 1 and
domain 2). ATP-binding cleft consists of residues contrib-
uted from both domain 1 and domain 2. Domain 1 contrib-
utes Walker A and Walker B motif which is required for

Closed conformation

Domain 1

ATP hydrolysis, while domain 2 possesses the arginine
finger. (b) Mechanism of strand separation reaction per-
formed by helicase wherein ATP binding and ATP hydro-
lysis result in relative domain motion which in turn
coupled to its translocation along ssDNA. The red and
blue colors depict ATP and ADP, respectively
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and Matson 1995). Thus it is established that the
highly conserved residues of Walker A and
Walker B involved in NTP hydrolysis is not nec-
essarily needed for NTP binding. From the crys-
tal structure of Escherichia coli Rep, the residues
of motif Ia (TxxAA) and motif V are known to
interact with the sugar-phosphate backbone of
ssDNA (Korolev et al. 1997). Apart from this,
motif III (GDxxQLPP) and motif IV make mul-
tiple interactions with ssDNA via hydrogen
bonding and stacking. The consensus sequence
for motif VI is established as VA(L/Y)TRA(K/R)
(Fairman-Williams et al. 2010). In spite of its
close proximity to both NTP- and oligonucleotide-
binding sites, motif VI makes no direct contact
with either NTP or ssDNA. However, it was
found to make contact with both NTP-binding
motif IV and oligonucleotide interacting motif
III, which suggests a role in the coupling of NTP-
induced conformational changes to DNA bind-
ing. One of the motif III mutants in UL5 also
reported to lack unwinding activity but retaining
ATPase activity (Graves-Woodward et al. 1997).
Similar results were obtained from a point muta-
tion in Motif IIT of UvrD protein that showed
uncoupling of ATPase and unwinding activities
(Brosh and Matson 1997). The crystal structure
of PcrA protein in complex with DNA and ATP
analog (ADPNP) also supported their role in
transducing conformational change to DNA-
binding site (Velankar et al. 1999).

The first crystal structure from SF2 superfam-
ily was that of hepatitis C virus-encoded non-
structural (NS3) helicase (Yao et al. 1997).
Despite the difference in the architecture, this
protein shares an overall topology in resemblance
to RecA core domain. SF2 superfamily is the
largest superfamily which is further subdivided
into ten families. DEA(D/H)-box family of RNA
helicases is one of the extensively studied group
of helicases. They possess a characteristic Q
motif which is hypothesized to be involved in
adenine recognition (Tanner 2003). All the con-
served motifs in SF2 superfamily had been
reported to be required for the helicase activity.
Although minor sequence differences exists, the
majority of the dissimilarity between SF2 and
SF1 enzymes are found to be in the motifs III and
IV (Korolev et al. 1998). This suggests that the
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mode of interaction between NTP-binding site
and oligonucleotide-binding site may vary
between SF1 and SF2. The motifs Ia and III in
UvrD/Rep and PiF1-like SF1 families have been
proposed to have a role in providing translocation
polarity (Saikrishnan et al. 2009).

4.2.2 Hexameric Helicases

Various helicases are reported to assemble as
either hexameric or higher-order oligomeric
forms. Hexameric helicases possess ring-shaped
structures exhibiting two-tiered arrangement.
They have either RecA or an AAA+ (ATPases
associated with various cellular activities)-like
core domain with a NTP-binding site at the inter-
face between the two monomers. The NTP inter-
acts with conserved motifs that line the binding
pocket as well as with an arginine residue that is
contributed by the adjacent monomer. This argi-
nine residue is analogous to the catalytic arginine
residue present in the “arginine finger,” which
was originally identified in GTPase-activating
protein (Ahmadian et al. 1997). In the mono-
meric helicases, as a consequence of ATP hydro-
lysis, there is a relative movement between the
two RecA-like domains of a single subunit.
However, in case of hexameric helicases, this
relative motion is between the RecA domains of
the two adjacent subunits. This ATP-induced
conformational change is sensed by a conserved
arginine residue surrounding the nucleotide-
binding domain.

The core nucleotide-binding folds of RecA-
like and AAA+ proteins are related, but differ in
their topology, conserved ATP-binding residues
and the orientation of individual motor domains
in higher-order quaternary states. Despite these
differences, the basic mechanism is similar,
whereby ATP hydrolysis brings motion in the
protein domains relative to each other which in
turn results in strand separation of the duplex
nucleic acids.

SF3 family of helicases was originally identi-
fied in the genomes of smaller DNA and RNA
viruses (Gorbalenya et al. 1989). The members of
this family comprise of three motifs, motif A, B,
and C, that spans ~100 amino acids long. Similar
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to other superfamily helicases, motif A and B of
SF3 helicases consist of Walker A and Walker
B. In addition, members of this superfamily also
possess a SF3 family-specific motif, termed as
motif C. Further, B’ motif is reported to be sand-
wiched between Walker B and C motifs. These
helicases share more structural resemblance to
AAA+ proteins than the RecA (Hickman and
Dyda 2005). The salient feature of AAA+ fold of
SF3 helicase is that it comprises of the loops
inserted into the core domain which interact with
DNA or different proteins. The crystal structure
of Papillomavirus E1 helicase in a complex with
ADP and 13-mer DNA has provided insights into
the structure and mechanism of DNA unwinding
(Enemark and Joshua-Tor 2006). The hexameric
El helicase has a central channel which is sur-
rounded by protruding loops from the B’ motif.
ssDNA passes through this channel and interacts
via its phosphodiester backbone with the loops
from B’ motif lining the channel. These DNA-
binding loops form a spiral staircase, and the
relative position of these DNA-binding loops is
found to be correlated with the NTP ligation state
(i.e., ATP- or ADP-associated state) of the sub-
unit of helicase (Lee et al. 2008).

SF4 helicases comprise of five conserved
sequence motifs, namely, H1, Hla, H2, H3, and
H4 (Ilyina et al. 1992). Initially, SF4 members
identified from bacteriophages and bacteria were
found to be replicative helicases. Motifs, HI and
H2 in these helicases are regarded as Walker A
and Walker B motifs which are required for NTP
hydrolysis. Motif H3 contains a conserved gluta-
mine residue and is found to be functionally
analogous to motif III of the members of SF1
superfamily. The loops from motif H4 protrudes
into the central channel of hexameric protein and
interacts with ssDNA (Washington et al. 1996).
Unlike SF3 members, they show deviations from
the sixfold symmetry. As a result, DNA-binding
loops, arginine fingers, and subunit interfaces are
not found in similar positions. The gene 4 pro-
tein (gp4) from T7 bacteriophage is one of the
most extensively studied SF4 helicases (Toth
et al. 2003). The enzyme comprises primase and
helicase domains connected by a flexible linker.

The details on the function of helicases
belonging to other superfamilies (SF5 and SF6)

are limited. Rho helicase, a member of SF5, is
essential for transcription termination. It binds to
specific sequences on the nascent RNA and in an
ATP-dependent manner unwinds the DNA-RNA
hybrid resulting in the release of RNA from the
elongation complex. In addition to Walker A,
Walker B, and an arginine finger, the members
possess a family-specific motif 1a (Gogol et al.
1991; Skordalakes and Berger 2003). Members
of the SF6 family contain AAA+ fold (Erzberger
and Berger 2006), and one of the best character-
ized members of this superfamily is MCM com-
plex that is required for eukaryotic replication. It
consists of six different subunits and forms het-
erohexamer (Labib et al. 2000). Not all the sub-
units possess the helicase activity; only MCM 4,
6, and 7 possess helicase activity (Kaplan and
O’Donnell 2004). It also contains two family-
specific motifs, namely, S1 and S2.

Further, the expanding structural informations
available suggest that these conserved helicase
motifs have further evolved to participate in
diverse cellular processes (Singleton et al. 2007).

4.3 Functional Roles in Plant

Cellular Pathways

Protein annotations have indicated that approxi-
mately 1 % of the eukaryotic genome codes for
helicases. In A. thaliana, >100 genes are pre-
dicted to encode either DNA or RNA helicases.
Many of these proteins are found to be expressed
in all organs and are required for various cellular
pathways (Table 4.1). Various DNA helicases are
identified to play crucial role in maintaining
genome stability (Knoll and Puchta 2011;
Mingam et al. 2004). The genes encoding RecQ
helicases are reported in almost all organisms; in
many species, more than one copy of RecQ heli-
cases are identified (Rossi et al. 2010; Ashton
and Hickson 2010). For instance, there are at
least seven RecQ helicases reported in plants
(Hartung and Puchta 2006). Mostly, the helicase
proteins in plants and their interacting partners
are identified through homology studies of func-
tionally characterized helicases documented
from yeast, from humans, or from other systems.
In A. thaliana, a functional homologue of human
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Table 4.1 List of DNA and RNA helicases involved in
various biological processes in the cell

Functions Helicases References
Replication DnaB, HSV Korolev et al.
ULS, HSV UL9, | (1998), Labib
Rep, PriA, AAV | et al. (2000),
Rep68, Rep78, Matson et al.
Dna2, BPVEL, |(1994),
T7gp4A and 4B, | Singleton et al.
T4gp41, SV40 (2007), Yao
TAG, Polyoma etal. (1997),
TAG, Fairman-
MCM4/6/7 Williams et al.
(2010)
Transcription TFIIH, SNF2, Gogol et al.
SWI2, TRCF, (1991),
Rho, RecQLS5 Skordalakes and
Berger (2003)
Translation elF4A, RHA, Ray et al.
Dedl (1985),
Singleton et al.
(2007)
Recombination | RecB, RecQ, Knoll and
RuvAB, Rho, Puchta (2011),
BLM, UvrD, George et al.
RecG, Srs2, (1994), Tanner
PDH65, Dda, and Linder
UvsW (2001), Wu and
Hickson (2002),
Gorbalenya
et al. (1989)
Repair UvrD, UvrAB, Clever et al.
PcrA, BACHI, (1997),
Rad3, Dna2, Klutstein et al.
XPD, XPB, (2008),
RecQ, WRN, Velankar et al.
BLM, RuvB, (1999), Wu
HDH II, RecD2, | et al. (2002),
Rad51, Rad54 Gorbalenya
et al. (1989)
RNA splicing UAP56, Brr2, Shen (2009),
Prp16, Prp22, Zhang et al.
Prp43 (2015), Hotz
and Schwer
(1998)
RNA chaperone | Dbp5, DDX3 Jarmoskaite and
Russell (2014)
mRNA stability | Rh1B, Ski2, Liou et al.
Dobl, Dhhl (2002), Halbach
et al. (2012),
Pedro-Segura
et al. (2008)

BLM protein that belongs to RecQ family,
RecQ4A was identified. RecQ4A interacts with
AtRMI1 and AtTOP3a and involved in meiotic
recombination in plants (Gangloff et al. 1994;
Wu et al. 2000; Wu and Hickson 2002). Other
members of DNA helicases in A. thaliana,
RecQ?2, and RecQ3 helicases play a vital role in
DNA repair and recombination by unwinding the
partial duplex DNA.

Yeast homologue of RAD54 in A. thaliana has
been identified along with RADS51, and their role
in DNA repair mechanism has been documented.
Both of these are the members of Swi/Snf2 fam-
ily and are known to interact and enhance each
other’s activity (Clever et al. 1997). In addition,
the heterologous interaction of scRADS1 with
AtRADS54 and scRAD54 with AtRADS1 through
yeast-two-hybrid experiments have been demon-
strated (Klutstein et al. 2008). In A. thaliana, a
gene encoding for a DEAH-box RNA helicase
(LOS4) has been established to positively regu-
late the transcriptional of CBF proteins (Gong
et al. 2002; Gong et al. 2005). LOS4 has been
reported to resolve/unwind cold-stabilized sec-
ondary structure in the 5’ untranslated region of
RNA.

Various RNA helicases have been reported to
be involved in the processes such as transcrip-
tion, pre-mRNA splicing, ribosome biogenesis,
mRNA export, RNA degradation, and silencing.
For example, e[F4A (eukaryotic initiation factor
4A), a well-characterized RNA helicase, partici-
pates in the initiation of translation by resolving
the secondary structure in the 5’ untranslated
region of the mRNA (Ray et al. 1985). Another
RNA helicase, ethylene-responsive 68 (ER68),
plays a role in the ethylene response pathway in
tomato (Zegzouti et al. 1999). The ER68 is a
DEAD-box RNA helicase and is anticipated to be
involved in ethylene-regulated gene expression.
The requirement of a DAVH box containing RNA
helicase, increased size exclusion limit 2 (ISE2),
during the embryogenesis of A. thaliana is
required for maintaining proper plasmodesmata
function (Kobayashi et al. 2007).

Post-transcriptional gene silencing (PTGS)
plays a critical role in various plant developmen-
tal and stress-related pathways (Brodersen and
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Voinnet 2006; Shukla et al. 2008). Systemic
PTGS is characterized by the presence of 21-nt
siRNAs (small interfering RNAs). In Arabidopsis,
a DExH helicase (SDE3) in concert with SDE1
functions as RNA-dependent RNA polymerase
(RDR) and amplifies the 21 nt siRNAs for long-
distance transmission (Himber et al. 2003;
Dalmay et al. 2001). Like in animals, plant Dicer-
like proteins (DCLs) act as a key regulator in the
gene silencing machinery. In addition to the pres-
ence of PAZ-, RNase III-, and dsRNA-binding
domains, all the four Dicer-like proteins (DCL1-
4) identified in A. thaliana also possess a DExH-
RNA helicase domain (Henderson et al. 2006).
ESP-3, a RNA helicase, has been reported to be
involved in RNA processing and influences both
the embryonic development and gene silencing
pathways (Herr et al. 2000).

Nonsense-mediated decay (NMD) involves
degradation of aberrant mRNA containing pre-
mature termination codon and thus prevents the
accumulation of truncated proteins. A nuclear
localized SF1 RNA helicase, UPF, is found to be
indispensable for NMD in Arabidopsis plants
(Arciga-Reyes et al. 2006). Further, upf mutant
exhibits various morphological defects with
delayed onset of flowering and seedling lethality
(Yoine et al. 2006). Moreover, a RING-between-
RING (RBR) family of ubiquitin ligase has both
RNA binding and DEAH RNA helicase motifs
which is necessary for degradation of aberrant
polypeptides and the splicing of defective
mRNAs (Lucas et al. 2006; Qiu and Fay 2006;
Marin et al. 2004).

The role of several helicases in combating
various stress responses is evidenced by their
overaccumulation during stress conditions
(Vashisht and Tuteja 2006). Upregulation of
DEAH-box helicases in response to abiotic
stresses has also been reported. Pea DNA 45
(PDH45) helicase has been reported to interact
with and stimulates topoisomerase I activity
(Pham et al. 2000; Nasirudin et al. 2005). PDH45
is a salt stress-induced ATP-dependent DNA and
RNA helicase and is expected to participate in the
initiation of translation similar to its homologue
elF4A (eukaryotic translation initiation factor
4A). Interestingly, transgenic plants overexpress-

ing PDH45 gene conferred increased salinity tol-
erance in tobacco (Sanan-Mishra et al. 2005).
Similarly another homologue of elF4A, PDH47,
has been found to be expressed in response to salt
and cold stress conditions (Vashisht and Tuteja
2005; Vashisht et al. 2005). Recently, a helicase
from O. sativa, OsSuv3, binds to both DNA and
RNA and possesses DNA- and RNA-dependent
ATPase activity (Tuteja et al. 2013; Tuteja et al.
2014). Its role has been implicated in improving
antioxidant machinery and thereby providing
salt-stress tolerance. In yeast homologue of Suv3,
K245A and V272L mutations in helicase motif I
and motif Ia have been reported to hinder its
ATPase activity which in turn affects its helicase
activity. Further, in these mutants, misregulation
of RNA turnover and the improper mitochondrial
DNA maintenance was noticed (Guo et al. 2011).

4.4  PlantViral DNA Helicases

ssDNA genome containing plant viruses com-
prises of members of the family Geminiviridae
and Nanoviridae. Geminivirus genome may con-
tain one or two ssSDNA molecules, while nanovi-
ruses contain at least six molecules. Due to
limited coding capacity, these viruses rely heav-
ily on the host factors for their infection and
spread.

4.4.1 Replication Initiator Protein

of Geminiviruses

The family, Geminiviridae, comprises a large
group of sSDNA containing viruses. The smaller
genome size (~2.7 kb) of these viruses makes
them a preferred choice for use as vectors for
expression of foreign genes in plants. Moreover,
these viruses depend entirely on the host biosyn-
thetic machinery due to which they make an ideal
model system to study plant DNA replication and
gene expression (Hanley-Bowdoin et al. 2000).
On the basis of their genome organization and
insect vectors, the International Committee on
Taxonomy of Viruses (ICTV) subdivided the
Geminiviridae family into seven genera as:
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Becurtovirus, Begomovirus, Curtovirus,
Eragrovirus, Mastrevirus, Topocuvirus and
Turncurtovirus  (Varsani et al.  2014).

Geminiviruses encode 6-8 overlapping ORFs
and have adopted a strategy of bidirectional tran-
scription to maximize the gene expression. The
genome is arranged with divergent transcription
units extending in opposite directions from a
highly conserved ~180 nt region (the common
region, CR) which contains the replication origin
and the promoter for the leftward ORFs. In addi-
tion, CR also possess a stretch of 31 nt that
includes the characteristic invariant nonamer,
5'-TAATATT]JAC-3', in which T7-A8 site is
required for cleaving as well as for joining of
viral DNA during replication (Laufs et al. 1995).
This region has a characteristic secondary struc-
ture containing a GC-rich stem and an AT-rich
loop.

ACI1 encodes for replication initiator protein
(Rep) which is indispensable for viral DNA rep-
lication. Geminiviruses follow rolling circle and
recombination-dependent mode of replication
(Stenger et al. 1991). Established studies indicate
that the geminivirus plus strand DNA synthesis
initiates through a DNA cleavage event at the
specific site, thereby fulfilling a key requirement
for RCR. The 41 kDa Rep protein is the only
viral protein that is absolutely required for viral
DNA replication (Elmer et al. 1988; Schalk et al.
1989). Rep bears no similarity with known poly-
merases but instead shares remarkable conserva-
tion with replication initiator proteins of bacterial
plasmids involved in initiation and termination of
rolling circle replication by functioning as site-
and strand-specific endonuclease (Koonin and
Ilyina 1992).

In addition to its role in replication, Rep protein
also performs other functions such as transcrip-
tional regulation (Eagle et al. 1994), autoregula-
tion (Sunter et al. 1993), and suppression of gene
silencing (Rodriguez-Negrete et al. 2013). The
N-terminal domain contains three motifs (motifs I,
IL, IIT) that are characteristic of many rolling circle
initiators (Ilyina and Koonin 1992). Motif I
(FLTY) is required for sequence-specific dsSDNA
binding, while motif II (HLH) is a metal-binding
site that may be involved in protein conformation
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and DNA cleavage (Orozco and Hanley-Bowdoin
1998). Motif IIT (YxxKD/E) is the catalytic site
for DNA cleavage, with the hydroxyl group of the
tyrosine residue forming a covalent bond with the
5" phosphoryl group of the cleaved DNA strand.
Recently, another conserved region has been iden-
tified between motifs II and III which is desig-
nated as the GRS (geminivirus Rep sequence)
(Nash et al. 2011). Noninfectious nature, inability
of supporting viral genome replication, and its
incompetency for ssDNA cleavage in GRS
mutants’ support that these GRS sequence is
required for the initiation of rolling circle replica-
tion during geminivirus infection. The N-terminal
domain along with the oligomerization domain is
required for DNA binding, whereas DNA cleav-
age activity relies in the N-terminal region alone.
Moreover, the removal of the first 29 amino acid
residues abolished both DNA-binding and DNA-
cleaving activity demonstrating that an intact N
terminus is required for both the activities. As
oligomerization is required prior to DNA binding,
it suggests that homo-oligomerization of Rep pro-
tein is required for DNA binding, but not for DNA
cleavage.

Rep also possesses ATPase activity domain
which is residing within the 181-330 amino
acid region (Desbiez et al. 1995). The ATPase
domain of Rep is characterized by three con-
served motifs: Walker A in the P-loop, Walker
B, and motif C. Moreover, the presence of these
motifs classified Rep as AAA+ (ATPases associ-
ated with various cellular activities) in super-
family 3 (SF3) helicases (Clerot and Bernardi
2006). This leads to the hypothesis that Rep may
be a putative helicase which was then later con-
firmed (Choudhury et al. 2006). The helicase
activity of the Rep protein has been shown to be
depending on the amino acid residues, 121-359,
including the C-terminal domain. The
N-terminal region is independent of the helicase
activity, however, in vivo, this N-terminal region
helps in recruiting the Rep protein to the correct
initiation site for replication from where the
neighboring region helicase activity would pro-
ceed. For proper helicase activity, oligomeriza-
tion domain is also needed in consistent with the
fact that most helicases are hexamers. Also
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mutation of amino acids critical for ATPase
activity (K227A) and the region that affects
helicase property (i.e., deletion of oligomeriza-
tion domain) reduces or abolishes the viral DNA
replication. Therefore, both the ATPase and
helicase activity are essential for the viral DNA
replication. Recently, another motif B’ which is
required for DNA binding during the unwinding
process has been identified. Site-directed muta-
genesis had also supported the role of two of the
critical amino acid, K272 and K289, in coupling
of ATP hydrolysis to DNA translocation and
DNA binding, respectively (George et al. 2014).

4.4.2 Master Replication Initiator
Protein of Nanoviruses

Nanovirus  (previously referred as plant
Circovirus) contains multiple number of circular
ssDNA of about 1 kb in size (Pringle 1998).
Nanovirus encodes for only one helicase protein,
named as master Rep (M-Rep), an essential viral
factor for its replication (Timchenko et al. 1999).
It has been established that all the Rep proteins
are functional and are capable of autonomous
replication of their DNA molecule. The available
literature suggests that only M-Rep can carry out
replication in trans of all other DNA genome;
however, detailed mechanism of M-Rep-
mediated replication is not known yet. Apart
from this, it also encodes for another protein
named Clink (cell cycle link) to stimulate the
DNA replication, not only of nanovirus but also
of geminivirus genome (Aronson et al. 2000).
This Clink protein of FBNYV is known to inter-
act with plant RBR (retinoblastoma-related) pro-
tein through its LxCXE motif; however, this
interaction is found absolutely nonessential for
the replication (Lageix et al. 2007). Repl and
Rep2 proteins of FBNYV possess origin-specific
endonuclease activity as well as nucleotidyl
transferase activity similar to that of geminivirus-
encoded Rep protein. Nanovirus-encoded Rep
protein also exhibits ATPase activity, and the
mutation within the P-loop results in loss of ATP
hydrolysis and affects the replication (Timchenko
et al. 2006). Not all the proteins of nanovirus are

characterized functionally, and hence, the details
of nanovirus replication and interaction of the
M-Rep with host proteins is still awaited.

Conclusion and Future
Perspectives

4.5

Many metabolic pathways in the cell such as rep-
lication, transcription, translation, and repair
require helicases. They share similarities in basic
structural elements, but even members of the
same family cannot complement others defi-
ciency. This emphasizes that each one of the heli-
cases are individually essential for the proper
functioning of the cell. Like in animals, plants
also encode a wide range of helicases that are
required for their normal development and main-
tenance of genomic stability. Few helicases are
also found to be overexpressed in adverse condi-
tions. Recent years have witnessed greater
advancement in the field of helicase biology
which is mainly focused on helicases from the
animal system. Nevertheless, homology studies
in plant proteins have enabled to identify and
characterize a number of helicases involved in
various processes; however, its mechanistic role
in these biological processes is still lacking.
Being obligate parasite, viruses too naturally
exhibit and adopt similar metabolic strategy as
their host, and thus, they can obviously modulate
the cellular environment. Virus-encoded proteins
either resemble with structural elements of host
proteins and exhibit favored/preferred interaction
or have evolved with the ability to co-opt with the
components of cellular machinery. To complete
their life cycle, all the viruses require helicase(s)
which can be either self-encoded or usurp from
the host. On the basis of the available knowledge
about the structural information of various heli-
cases across different organisms, drug-designing
strategies can prove helpful and successfully gen-
erate antiviral inhibitors. Drug designing can be
used to screen and identify small-molecule heli-
case inhibitors that have the following effects on:
NTP binding, NTP hydrolysis (via stabilizing
ADP-bound state), nucleic acid binding, coupling
NTP hydrolysis to translocation (via restricting or
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blocking the domain movement or altering the
interface cleft), or unwinding of nucleic acid.
Alternate approach is by sterically blocking the
helicase translocation, or changing the conforma-
tion of the helicase protein can also be attempted.
Oligomerization has been found to have greater
implication on the unwinding activity of hexa-
meric helicases; therefore, small molecules capa-
ble of disrupting the oligomerization property of
helicase or by inhibiting the crucial interaction
with other host protein in larger complex can also
facilitate an antiviral state.
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Cutting-Edge Technologies

for Detection of Plant Viruses

in Vegetatively Propagated Crop
Plants
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Abstract

Plant virus diseases cause enormous loss which is estimated to be US$60
billion in crop yields worldwide each year. Seed is a propagating material
in most of the crop plants, whereas most of the horticultural crops are
vegetatively propagated. Horticultural crops like banana, bamboo, citrus,
and grapes; commercial crops like sugarcane, black pepper, cardamom,
orchids, and bulbous ornamentals; and tuber crops like potato, cassava,
yam, etc., have been known to be infected by a range of viruses that belong
to different genera and families. In these crops, the primary mode of trans-
mission of viruses is through the use of infected plant propagule like
corms, tubers, cutting, grafts, etc. An effective virus management strategy
requires an accurate, rapid, and sensitive diagnosis for which understand-
ing the disease cycle of etiological agents and its molecular nature, genome
sequence and structure, coat protein information and sequences, etc.
should be known in advance to design a detection strategy. Enzyme-linked
immunosorbent assay (ELISA) or polymerase chain reaction (PCR) has
been widely used for detection of plant viruses. These methods are time-
consuming and laborious and require special skills such as in prior infor-
mation on taxonomy to detect the pathogen responsible for the disease.
On-site or point-of-care methods of detection are not new but limited to
clinical use for human diseases. But recently this lateral flow devices
(LFDs) are being made available for a number of viruses infecting plants.
However, the widespread usage of this technology is delayed probably due
to its limitation on robustness and lack of high-throughput nature. In this
chapter, we have reviewed the recent developments on the early diagnosis
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using cutting-edge technologies like on-the-spot diagnostic tool lateral
flow immunoassay (LFIA), loop-mediated isothermal amplification
(LAMP), and multiplex technologies like microarray, microsphere immu-
noassay, etc. LAMP method is highly specific and requires less time to
complete the indexing; however, this technique is yet to replace ELISA
and PCR completely in agriculture possibly due to its specificity and viral
variants that might escape from detection, and other possible reasons may
be that the researchers and policy makers have not yet been convinced.
Recent technologies such as rolling circle amplification which is depen-
dent on a circular DNA genome and random hexamers do not require
sequence data of the target, and similarly the next-generation sequencing
also does not require a priori knowledge on the sequence of the causal
agents. Principles and application of these cutting-edge technologies are
reviewed in this chapter. The objective of the present chapter is not to
cover all the details of diagnostics but to highlight the current status of
various cutting-edge diagnostic techniques that can be applied for the
biosecurity, by the quarantine departments, international exchange of
germplasm, and on-site field detection by farmers, and use in the certifica-

tion programs.

Keywords

Virus ¢ Diagnostics ® Vegetatively propagated crops ® LFIA ¢ Multiplex-
ELISARCA « LAMP « NGS

5.1 Introduction

Most of the crop plants are raised for agricultural
purposes through either sowing the true seed or
using vegetative propagated. The list of impor-
tant plant viral diseases and their economic yield
loss was furnished in Table 5.1. Those which are
seed propagated have virus infection but are not
easily manageable as they are spread by whitefly
and plant hoppers which are very difficult to con-
trol using insecticides, as they spread the virus
faster. Vegetatively propagated crops like banana,
grapes, potato, cassava, sugarcane, and orchids
are known to have infected by a large number of
viruses, and all of these viruses are primarily
transmitted by the use of infected planting mate-
rials, and the secondary mode of spread is through
aphids and mealy bugs which transmit at a very
slower rate; hence, control of vector is compara-
tively easier than controlling the movement of
planting materials. An effective and applicable
virus management strategy requires an accurate

diagnosis and understanding of the life and dis-
ease cycle of etiological agents. Recent develop-
ments in  molecular techniques have
revolutionized the field of diagnostics in agricul-
ture (Sastry 2013). High level of detection, speci-
ficity, sensitivity, and accuracy supported with
simplicity, amenable to automation, and low cost
are the main characteristics of an ideal diagnostic
strategy.

Initially plant viruses were diagnosed based
on the symptoms that occur on the plants, and
later the titer of the viruses was determined
using indicator hosts which show hypersensi-
tive reaction with chlorotic and necrotic spots
upon inoculation. However, for viruses which
are not known to be transmitted by mechanical
sap inoculation, indicator host could not be
used. In the 1970s the serological techniques
became widely used wherein the polyclonal
antiserum produced in warm-blooded animals
against the viral antigen has been used to detect
viruses using gel-based techniques, and later
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Table 5.1 Important viral diseases of vegetatively propagated crops and the yield loss

Yield loss
Crop Disease (%) Virus Virus genus Reference
Banana Bunchy top 100 Banana bunchy | Babuvirus Dale (1987)
top virus
Cassava Mosaic 24-75 Cassava mosaic | Begomovirus Seif (1982)
virus
Cassava Brown streak 100 Cassava brown Ipomovirus Kaweesi et al.
disease streak virus (2014)
(CBSV)
Ugandan
cassava brown
streak virus
(UCBSV)
Potato Mosaic 10-100 Potato virus Y Potyvirus Warren et al.
(2005)
Citrus Mosaic 35.18 Citrus yellow Badnavirus Ahlawat et al.
mosaic (1996)
Citrus 100 Citrus leprosis Cilevirus Rodrigues
virus C (2000)
Sweet potato Sweet potato viral | 80-90 Sweet potato Potyvirus and Mukasa et al.
disease complex feathery mottle Crinivirus (2006)
virus
Sweet potato
chlorotic stunt
virus
Grapevine Grapevine leafroll | 15-20 GLRaV-1, Closterovirus Martelli and
disease GLRaV-2, Ampelovirus Boudon-Padieu
GLRaV-3, Vitivirus (2006)
GLRaV-4,
GLRaV-7,
GLRaV-9,
GFLV, GRSPaV,
GVA, and GVB

different formats of ELISA technique were as

LAMP, RCA, NGS, microarrays,

and

used for accurate quantification of the antigen
(viruses). Sensitivity, specificity, and high
throughput, i.e., testing large volume of sam-
ples in plate formats and on-site detection
instead of lab-based test issues, arose as a prob-
lem in the existing technologies. PCR came
into use in the late 1980s for detection of plant
viruses, and later an improved format of PCR
that came into use was the real-time PCR, as
the name suggests that the virus could be quan-
tified on real-time basis, i.e., while polymeriza-
tion of its genomic fragment targeted. These
techniques were more accurate and highly sen-
sitive, but they were very costly especially for
plant virus detection as the end user is resource
poor farmers. Recently, novel techniques such

microsphere-based magnetic ELISA are being
applied as sensitive assays. On-site detection of
plant viruses using dipstick or lateral flow
immuno assay (LFIA) technologies can be used
even by the illiterate farmers or nontechnical
persons in the field itself. These assays are now
being used in certification purposes and also for
ensuring biosecurity. The objective of the pres-
ent chapter is not to cover all the details of
diagnostics but to highlight the current status of
various cutting-edge diagnostic techniques that
can be applied in the biosecurity, quarantine
departments, international exchange of germ-
plasm, on-site field detection by farmers, and
certification programs limited to crops that veg-
etatively propagated.
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5.2  Serological Based
5.2.1 Lateral Flow Immunoassay

(LFIA) Detection System

Lateral flow immunoassay (LFIA) is used for
qualitative or semiquantitative detection and
monitoring of viral pathogens in non-labora-
tory environments. LFIA is simple, efficient,
and rapid which makes it possible to identify
and evaluate the content of various biologically
active substances in a sample in a few minutes
without any special skills and equipment and
could be used even under field conditions. The
basic principle of LFIA is as that of chromato-
graphic principle coupled with immunological
recognition system. LFIA basically relies on
the interaction between the target virus and
immune reagents (antibodies and their conju-
gates with colloidal particles or nanoparticles)
applied on the membrane carriers, the test
strips. When the test strip is dipped into the sap
of sample being analyzed, the sample liquid
flows through membranes and triggers immu-
nochemical interactions resulting in visible
coloration in test and reference lines (Von Lode
2005; Price and Kricka 2007). A typical LFIA
format consists of a surface layer to carry the
sample from the sample application pad via the
conjugate release pad along the strip encoun-
tering the detection zone up to the absorbent
pad (Byzova et al. 2009). The membrane is
often thin and fragile, so it is pasted to a plastic
layer to allow easy cutting into strips and han-
dling. In addition, robustness is achieved by
housing the strips in a plastic holder, where
only the sample application window and a
reading window are exposed. Current mem-
brane strips are produced from nitrocellulose,
nylon, polyethersulfone, polyethylene, or fused
silica. At one end of the strip, a sample appli-
cation pad is provided. The sample application
pad is usually made of cellulose or cross-linked
silica. Next to the sample application pad is the
conjugate release pad, made of cross-linked
silica, and lengthwise it is lesser than half the
length of sample application pad. Labeled ana-
lyte or recognition element(s) is applied and
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dried on this pad, and after the addition of the
sample, this material will interact with the fluid
flow; specific interactions will be initiated here
and will continue during the chromatographic
process. Now, this technology is widely used to
detect various plant pathogens and detection of
plant viruses made easy using this technology.
Many commercial firms are producing these
LFIA strips for detection of various pathogens
including plant viruses.

The LFIA strip technique has been reported
for the detection of viruses (Danks and Barker
2000; Salomone and Roggero 2002; Salomone
et al. 2002, 2004; Kusano et al. 2007; Drygin
et al. 2009). The use of nanoparticles as labels
has led to the improvements in sensitivity and
multiplexing capabilities (Jain 2005; Rosi and
Mirkin 2005). Metallic nanoparticles composed
of gold or silver have many optical and electronic
properties, based on their size and composition
(Nath et al. 2008). When coupled to affinity
ligands, these nanoparticle materials have found
important applications as chemical sensor. For
example, gold nanoparticles conjugated with
specific oligonucleotides can sense complemen-
tary DNA strands, detectable by color changes
(Mirkin et al. 1996). Other nanoparticles includ-
ing fluorescent quantum dots and carbon nano-
tubes have been used in various applications
including DNA detection and the development of
immunoassays for the detection of pathogens
(Bruchez et al. 1998; Edgar et al. 2006; Baptista
et al. 2006; Alivisatos et al. 2005).

Express immunochromatographic test strip
assays were developed for detection of five
plant viruses varying in shape and size of viri-
ons, viz., spherical carnation mottle virus,
bean mild mosaic virus, rod-shaped tobacco
mosaic virus, and filamentous potato viruses X
and Y (Byzova et al. 2009). Multi-membrane
composites (test strips) with immobilized
polyclonal antibodies against viruses and col-
loidal gold-conjugated antibodies were used
for the analysis. These immunochromato-
graphic test strips were shown to enable the
detection of viruses both in purified prepara-
tions and in leaf extracts of infected plants
with sensitivity from 0.08 to 0.5 pg/ml for
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10 min. This technique can be adopted for on-
site detection of these viruses under field con-
ditions (Byzova et al. 2009); Drygin et al.
(2012) have developed immunochromato-
graphic assay for rapid detection of potato
virus X (PVX). In this assay time does not
exceed 15 min, and the lower limit of the PVX
detection in non-clarified leaf extract was 2
ng/ml, and a single measurement required 0.1-
0.2 ml of tested solution extracted from 10 to
20 mg of potato. Plum pox virus (PPV) with
specific colloidal gold-labeled antibodies
using immunochromatographic assay has been
developed with a detection limit of 3 ng/ml,
and the test duration was just 10 min (Byzova
et al. 2010); Yoon et al. (2014) have developed
rapid immune-gold strip (RIGS) kit in a novel
single strip format to detect on-site detection
of tomato spotted wilt virus (TSWV), and
results could be obtained in 2—5 min.

Safenkova et al. (2012) studied the impact of
key factors influencing the analyte detection
limit of the sandwich immunochromatographic
assay (ICA), namely, the size of gold nanopar-
ticles, the antibody concentration, the conjuga-
tion pH, and the characteristics of membranes
for the detection of PVX. The antibody-colloi-
dal gold conjugates synthesized at pH 9.0-9.5 at
an antibody concentration of 15 pg/mL showed
maximum binding with the analyte. The detec-
tion limit improved from 80 to 3 ng/mL for a
series of nanoparticles with a diameter from 6.4
to 33.4 nm. In the case of larger particles (52 nm
in diameter), the detection limit increased and
reached 9 ng/mL. A 10 mM phosphate buffer,
pH 8, and a 50 mM phosphate buffer, pH 7, were
the conditions of choice for the deposition of
reactants. The maximum detection limit was
2-3 ng/mL by the standardized method.
Recently LFIA have been developed for the on-
farm detection of six different plant viruses uti-
lizing specific monoclonal and polyclonal
antibodies against cucumber mosaic virus
(CMYV), groundnut bud necrosis virus (GBNV),
large cardamom chirke virus, papaya ring spot
virus, peanut mottle virus (PeMoV), and potato
virus Y (Bikash ~ Mandal, Personal
Communication).

5.2.2 Microsphere Immunoassay

Among the immunoassays, ELISA has been
exploited widely in life sciences for the detection
of viral pathogens or antibodies to viral proteins
or biomarkers for cancer detection. Recently, a
breakthrough has been the use of microspheres
in the immunoassay (xMAP technology) which
has emerged as an alternative for microbial
detection (Charlermroj et al. 2013). The basic
principle of the technology is that it employs dif-
ferent sets of fluorescence-coded microspheres;
each bead set is filled with a combination of dyes
which are conjugated with capture antibodies
specific to target pathogens, and the detecting
antibodies are linked with another fluorophore.
There have been several reports using this micro-
sphere technology to detect multiple analytes or
biomarkers across a number of fields including
human diagnostics (Kellar and Douglass 2003),
food microbiology (Dunbar et al. 2003), and
plant pathogen detection (Bergervoet et al.
2008). For simultaneous detection of potato-
infecting viruses, this bead-based technology has
been used (Bergervoet et al. 2008). The use of
paramagnetic beads in place of conventional
beads in the MIA procedure allows efficient
removal of excess sample compounds and
reagents which has resulted in lower background
values and a higher specificity than a non-wash
MIA procedure. They have used MIA technol-
ogy to detect PVY, PVX, and PLRV in potato
leaf extracts which were detected with equal sen-
sitivity and specificity. In MIA, procedure takes
longer time due to the fact that the results are not
visible by the eye, and therefore all samples have
to be analyzed resulting in longer measuring
times (Bergervoet et al. 2008); Charlermroj et al.
(2013) have developed microsphere immunoas-
says to simultaneously detect four important
plant pathogens: a fruit blotch bacterium
Acidovorax avenae subsp. citrulli (Aac), chili
vein-banding mottle virus (CVbMYV, potyvirus),
watermelon silver mottle virus (WSMoV, tospo-
virus serogroup IV), and melon yellow spot virus
(MYSYV, tospovirus). This assay was able to
detect all four plant pathogens precisely and
accurately with substantially higher sensitivity
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than ELISA, and if the same antibody sets were
used, its assay time is also shorter.

5.3  Nucleic Acid-Based
Detection Assay
5.3.1 Microarray

Microarray- or chip-based technique has become
a common tool in molecular biology and biotech-
nology especially for genotyping by SNPs, func-
tional genomics, genetic mapping, and
proteomics. Now this technique is also being
applied for detection of plant pathogens includ-
ing plant viruses. Lee and co-workers were the
first to develop cDNA chip for a plant virus using
viral cDNA clones and microarray technology
(Lee et al. 2003). The cDNA chip was designed
for detection and differentiation of the four spe-
cies of selected cucurbit-infecting tobamovi-
ruses, Vviz., cucumber green mottle mosaic virus
(CGMMYV), cucumber fruit mottle mosaic virus
(CFMMV), kyuri green mottle mosaic virus
(KGMMV), and zucchini green mottle mosaic
virus (ZGMMYV). Deyong et al. (2005) devel-
oped microarray to detect and differentiate 14
different isolates of CMV belonging to different
serogroups and subgroups. Microarrays have
been proposed as a “multi-target” system capable
of testing a full range of organisms in a generic
format. This approach would streamline current
diagnostic testing methods (Boonham et al. 2003)
and improve detection of unknown or unexpected
variants. Positively charged membranes can also
be used to immobilize cDNA or oligonucleotide
probes and RNA extract from infected tissue
labeled and hybridized to the membrane to detect
infecting viruses. An array of many virus-specific
probes can be developed which allows parallel
detection. The development of macro- and micro-
arrays with several hundreds or thousands of
probes allows for the hybridization and subse-
quent identification of viruses with only marginal
homology to known taxa (Agindotan and Perry
2007; Thompson et al. 2014; Wang et al. 2002).
List of microarray developed for plant virus
detection is provided in Table 5.2.
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In the detection of different isolates of cucum-
ber mosaic virus (CMV) or plum pox virus
(PPV), four different cucurbit-infecting viruses
belong to Tobamovirus genus, and up to 11
viruses infecting cucumber or potato have been
reported (Agindotan and Perry 2008; Boonham
et al. 2003; Bystricka et al. 2005; Deyong et al.
2005; Lee et al. 2003; Pasquini et al. 2008).
Recently, the use of low-density arrays, a tech-
nique based on real-time RT-PCR (TagMan), and
antibody microarrays was reported for multiplex
detection of up to 13 grapevine viruses (Abdullahi
et al. 2005; Osman et al. 2008); Engel et al.
(2010) reported an array which contains 570
unique probes designed against highly conserved
and species-specific regions of 44 plant viral
genomes. This microarray-based detection of
plant viruses will have potential value in quaran-
tine departments for the purpose of biosecurity of
important diseases not reported in each country.

5.3.2 Loop-Mediated Isothermal
Amplification (LAMP)

Isothermal amplification methods are novel
detection techniques that have the potential to
overcome the cost barriers limiting uptake of
PCR-based testing while exceeding the sensitiv-
ity and/or specificity of ELISA-based methods.
Loop-mediated isothermal amplification (LAMP)
is a DNA amplification technique that amplifies
DNA with high specificity, efficiency, and rapid-
ity under isothermal conditions (Notomi et al.
2000). LAMP is based on the principle of autocy-
cling with strand displacement and DNA synthe-
sis performed by the Bst DNA polymerase
(derived from Bacillus stearothermophilus), for
the detection of any specific DNA sequence
(Notomi et al. 2000). This technique uses four to
six primers that recognize six to eight regions of
the target DNA and provides very high specific-
ity (Notomi et al. 2000; Nagamine et al. 2002). It
can be carried out under isothermal condition
ranging between 60°C and 65°C and produces
large amounts of DNA in a short time (Notomi
et al. 2000). The reaction shows high tolerance to
biological contaminants (Kaneko et al. 2007),
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Table 5.2 Microarray-based detection reported for plant virus species

Species diagnosed

Reference

APLV, APMV, PBRSV, PVA, PVS, PVT, PVV, PVX, PVY, PYVV, TSV

Abdullahi et al. (2005)

PVA, PVS#, PVS®, PVX, PVY

Boonham et al. (2003)

PLRV, PMTV, PVA, PVS, PVX, PVY

Bystricka et al. (2003)

PLRV, PVA, PVM°, PVM!, PVS#, PVS©, PVX, PVY?, PVYNN

Bystricka et al. (2005), and Sip et al.

(2010)

CMV

Deyong et al. (2005)

CFMMYV, CGMMY, CMV, KGMMYV, PVX, TMV, PMMoV, ZGMMY,
ZYMV

Lee et al. (2003)

Six strains of PPV

Pasquini et al. (2008)

CMYV, LSV, LMoV, PIAMV

Sugiyama et al. (2008)

PLRYV, PVA, PVX, PVY, CMV, PotLV, PVS, TRV, PMTYV, PVM, AMV

Agindotan and Perry (2008)

DsMV, LYSV, PVY, ZYMV

Wei et al. (2009)

Grapevine viruses

Engel et al. (2010)

CMYV, TICV, ToCV, TSWV, PepMV, TYLCV, TYLCSV, PVY, TMV,
ToMV

Tiberini et al. (2010)

ArMYV, PNRSV, PPV, PVX, TMV, ToRSV, TRSV, TSWV

Zhang et al. (2010)

Tobamovirus, Caulimovirus, Potexvirus, Marafivirus, Alphacryptovirus,

Grover et al. (2010)

and Furovirus

ArMYV, GFLV

Abdullahi and Rott (2009)

KYMV, TYMV, TVCV, AsAV

Grover et al. (2010)

GLRaV-1, GLRaV-2, GLRaV-3, GLRaV-4, GLRaV-7, GLRaV-9, GFLV,

GRSPaV, GVA, and GVB

Engel et al. (2010)

ArMYV arabis mosaic virus, APLV andean potato latent
virus, APMV andean potato mottle virus, AsAV asclepias
asymptomatic virus, CMV cucumber mosaic virus,
CFMMYV cucumber fruit mottle mosaic virus, CGMMV
cucumber green mottle mosaic virus, DsMV dasheen
mosaic virus, GFLV grapevine fan leaf virus, GLRaV
grapevine leafroll-associated virus, GVA grapevine virus
A, GVB grapevine virus B, GRSPaV grapevine rupestris
stem pitting-associated virus, KGMMYV kyuri green mottle
mosaic virus, KYMV kennedya yellow mosaic virus, LYSV
leek yellow stripe virus, LSV lily symptomless virus,
LMoV lily mottle virus, PBRSV potato black ringspot
virus, PLRV potato leaf roll virus, PMTV potato mop-top
virus, PepMV pepino mosaic virus, PIAMV plantago asi-

which can help to avoid false-negative results
due to the inactivation of the enzyme, a common
problem faced in conventional PCR where Taq
DNA polymerase is used. As a result, LAMP
assays can be performed on simpler equipment
(no need of thermal cycler) and often without the
need for multistep sample processing. To date,
LAMP and reverse transcription LAMP
(RT-LAMP) have been used widely to detect
plant viruses (Table 5.3). Although LAMP ampli-
fication products can also be detected by gel elec-
trophoresis, this long procedure of gel

atica mosaic virus, PMMoV pepper mild mottle virus,
PNRSV prunus necrotic ringspot virus, PVA potato virus
A, PVS potato virus S, PVT potato virus T, PVV potato
virus V, PVX potato virus X, PVY potato virus Y, PYVV
potato yellow vein virus, PPV plum pox virus, TSV
tobacco streak virus, TMV tobacco mosaic virus, ToRSV
tomato ringspot virus, TRSV tobacco ringspot virus, TICV
tomato infectious chlorosis virus, 7oCV tomato chlorosis
virus, TSWV tomato spotted wilt virus, TYLCV tomato
yellow leaf curl virus, TYLCSV tomato yellow leaf curl
Sardinia virus, ToMV tomato mosaic virus, TYMV turnip
yellow mosaic virus, TVCV turnip vein-clearing virus,
ZGMMYV zucchini green mottle mosaic virus, ZYMV zuc-
chini yellow mosaic virus

electrophoresis reduces the suitability for field
applications. For this reason, SYBR Green I is
used as an intercalating DNA dye which can be
viewed by a naked eye. Various colorimetric
assays including magnesium sulfate (MgSO,),
calcium chloride (CaCl,), SYBR® Premix Ex
TagTM 1I, hydroxynaphthol blue (HNB),
GeneFinderTM, SYBR Green I, manganese
chloride (MnCl,) combined with calcine, and
ethidium bromide have been used in several
investigations (Goto et al. 2009; Almasi et al.
2012, 2013; Bhat et al. 2013).
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Table 5.3 Application of loop-mediated isothermal amplification in detection of plant virus and limits of detection

(sensitivity)

Virus species Host ‘ Detection limit Reference

DNA viruses

Banana bunchy top virus Banana 100-fold more sensitive than PCR Peng et al. (2012a)
(1 pg/pl plasmid DNA)

Banana streak virus Banana 100-fold more sensitive than PCR Peng et al. (2012b)
(1 pg/pl plasmid DNA)

Citrus yellow mosaic Citrus Not reported Anthony Johnson

badnavirus etal. (2014)
Squash leaf curl Squash and melon | 10 times more sensitive than PCR Kuan et al. (2010)
Piper yellow mottle virus Black pepper 100 times more sensitive than PCR Bhat et al. (2013)
Curly top virus Sugar beet Not reported Almasi et al. (2013)
RNA viruses
Potato leafroll virus Potato Not reported Ahmadi et al. (2013)
Potato virus Y Potato Tenfold more sensitive than RT-PCR | Almasi and Dehabadi
and 100-fold more sensitive than (2013), and
ELISA and LFIA Przewodowska et al.
(2015)
Apple stem grooving virus | Apple Not reported Zhao et al. (2014)
Cucumber mosaic virus Banana 100-fold more sensitive than PCR Peng et al. (2012c¢)
(1 pg/pl plasmid DNA)
Banana bract mosaic virus | Cardamom 100 times more sensitive than Siljo and Bhat (2014)
RT-PCR
Citrus tristeza virus Citrus 100 times more sensitive than Wang et al. (2013)
RT-PCR
Citrus yellow vein clearing | Citrus Tenfold higher than RT-PCR Liu et al. (2015)
virus
Grapevine leafroll- Grapevine RT-LAMP is as sensitive as nested Walsha and Pietersen
associated virus type 3 PCR (2013)
Papaya ringspot virus Papaya and 1.15% 107 pg of total RNA per Shen et al. (2014)
cucurbit reaction (10 times sensitive than
RT-PCR)
Papaya leaf distortion Papaya 1.32x 107 pg of total RNA per Shen et al. (2014)
mosaic virus reaction (10 times more sensitive than
RT-PCR)
Pepino mosaic virus Tomato Sensitive than RT-PCR Ling et al. (2013)
Cucurbit chlorotic yellows | Melon 10° times more sensitive than Wang et al. (2014)
virus RT-PCR
Cucumber green mottle Watermelon 100-fold more sensitive than RT-PCR | Li et al. (2013)
mosaic virus
Tomato necrotic stunt virus | Tomato 8 pg of total tomato RNA or with Li and Ling (2014)
1:20,000 dilution of crude tissue
extract
Tomato chlorosis virus Tomato 2.0x 1077 ng, which is 100 times Zhao et al. (2015)
more sensitive than RT-PCR
Cassava brown streak virus | Cassava 102 to 1073 Tomlinson et al.
and Ugandan cassava (2013)
brown streak virus
Cucumber mosaic virus Black pepper 100 times more sensitive than Bhat et al. (2013)
RT-PCR
Cymbidium mosaic virus Orchid Not reported Lee et al. (2011)
Tomato spotted wilt virus Chrysanthemum 100 times more sensitive than IC/ Fukuta et al. (2005)

RT-PCR
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The LAMP-based detection can be combined
and converted into lateral flow dipstick (LFD)
device to detect the positive amplification by sim-
ple visual inspection, with potential field applica-
tion. LFDs to detect labels incorporated into the
amplification products, allowing multiple prod-
ucts to be discriminated without gel electropho-
resis (Tomlinson et al. 2010). Incorporation of
two labels allows the product to be detected in a
sandwich format: generally, one label is incorpo-
rated into the amplification product using a
labeled primer, and the second label is incorpo-
rated using a labeled detector probe which
hybridizes to the amplification product. The
detector probe is intended to ensure specificity of
detection, because the amplicons must contain a
sequence to which the detector probe will hybrid-
ize in order to produce a positive result. Detection
of LAMP products using lateral flow devices was
demonstrated for simultaneous detection of the
amplification products for cassava brown streak
virus (CBSV) and Ugandan cassava brown streak
virus (UCBSV) and a plant internal control gene
(cytochrome oxidase) (Tomlinson et al. 2013).

5.3.3 Quantum Dots

Quantum dots (QDs) are few nm in diameter,
roughly spherical (some QDs have rodlike struc-
tures), fluorescent, crystalline particles of semi-
conductors whose excitons are confined in all the
three spatial dimensions. Their potential applica-
tion in diverse fields can be attributed to the prop-
erty of quantum confinement. Diagnostics using
colloidal QDs has got tremendous hoist from this
milestone finding. QDs are robust and very stable
light emitters and can be broadly tuned through
size variations. Due to phenomenal advancement
in nanotechnology, QDs have emerged as pivotal
tool for detection of a particular biological
marker with extreme accuracy. QDs being very
photostable and optically sensitive can be used as
labeling and can be easily traced with ordinary
equipment. Early detection of pathogens causing
plant diseases using quantum dots would prove to
be boon in agriculture. One of the most important
nanomaterials is fluorescent semiconductor

nanocrystals, also known as quantum dots (QDs)
which have been widely used for disease diagno-
sis (Frasco and Chaniotakis 2009).QDs have a
number of unique optical properties that are
advantageous in the development of bioanalyses
based on fluorescence resonance energy transfer
(FRET) (Algar and Krull 2007). These biosen-
sors have been widely used in immunoassay
(Goldman et al. 2005). Safarpour et al. (2012)
developed a specific and sensitive FRET-based
QD-antibody biosensor for rapid, accurate, and
cost-effective detection of Polymyxa betae, the
vector of Beet necrotic yellow vein virus
(BNYVYV). QD-immunofluorescent labeling
method for the in vitro and in situ localization of
lettuce infectious yellows virus (LIYV) virions
was based on the recognition specificity of
streptavidin-conjugated QD605 (S-QD605) for
biotin-conjugated anti-LIYV IgG (B-algG) (Ng
2013). However, these QD-based methods are yet
to be used for on-site detection of plant viruses.

5.3.4 Rolling Circle Amplification
(RCA)

Rolling circle amplification (RCA), using
Bacillus subtilis bacteriophage Phi29 DNA poly-
merase, is a sequence-independent protocol
which has been used for the amplification and
characterization of circular DNA molecules,
including plasmids (Dean et al. 2001; Reagin
et al. 2003), and several groups of DNA viruses
infecting humans, animals, and plants (Johne
et al. 2009). To date, the application of RCA
technology to plant-infecting viruses has been
limited to the small, single-stranded DNA
genomes of viruses in the families Geminiviridae,
Nanoviridae, and Caulimoviridae. The method
relies on the strand displacement activity of poly-
merase which allows amplification to occur on
newly synthesized template strands without hav-
ing to cycle temperatures (isothermal amplifica-
tion). The disadvantages of this method are that
nonspecific amplification products are produced
in the reaction which requires further methods to
identify infecting viruses to the species or strain
level such as RFLP or sequencing. Secondly,
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long incubation times are required (18-20 h) for
amplification (Haible et al. 2006). Since a lot of
variations occur in the species of members of
Geminiviridae, this sequence-independent tech-
nique could be used to detect the viruses having
no sequence data.

5.3.5 Nucleic Acid-Based
Microsphere Assay

Recently, a new platform named Luminex
MagPlex-TAG bead system offers a very high
degree of multiplex nucleic acid detection (Lin
et al. 2011; Boonham et al. 2014). This system
incorporates 6.5 pm carboxylated, superpara-
magnetic polystyrene microspheres that are inter-
nally labeled with a spectrally distinct fluorescent
dye and pre-coupled with an anti-MagPlex-TAG
oligonucleotide sequence. Different microsphere
sets can be distinguished by their spectral
addresses, and when combined, up to 150 differ-
ent nucleic acid sequence targets can be simulta-
neously detected in a single reaction. Luminex
MagPlex-TAG microsphere system involves a
generic multiplexed RT-PCR step, followed by a
multiplexed asymmetric PCR step termed target-
specific primer extension (TSPE). In this step, a
primer internal to the multiplexed amplification
product will hybridize, and be extended, only
when there is a sequence match. Resultant TSPE
products are biotinylated and labeled with com-
plementary MagPlex-TAG sequences at their 5’
end. TSPE products are then hybridized to the
MagPlex-TAG microsphere mixture, and a fluo-
rescent reporter molecule is used to detect incor-
porated biotin. The bead-TSPE product
complexes are then detected on the Luminex
instrument. This technology has proven its value
for the multiplexed detection of viruses (Foord
et al. 2013); Van Brunschot et al. (2014) have
developed multiplex xXTAG assay to detect all
nine known species or members of pospiviroids
occurring in different crops, and they demon-
strated its usefulness. Multiplexed array using
this technology has been shown to be 100% spe-
cific, sensitive, and reproducible and has strong
potential for use in routine pospiviroid indexing
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to improve disease management strategies (Van
Brunschot et al. 2014). A co-amplified internal
control can be incorporated into the assay for
quality assurance purposes, while the assay for-
mat makes it suitable for utilizing liquid handling
robotics.

5.4 Next-Generation Sequencing
Technology: An Ever-
Expanding Cutting-Edge

Technology

Conventional serological or molecular detection
and identification methods of plant viruses or
viroids depend on prior knowledge or sequence
of the virus or viroid of interest. The NGS tech-
nologies have provided a very powerful alterna-
tive for detection and identification of these
pathogens without a priori knowledge (Prabha
et al. 2013; Barba et al. 2014). Next-generation
high-throughput sequencing technologies are
highly efficient, rapid, and low in cost. NGS tech-
nologies were available to the scientists at the
onset of the twenty-first century. This method is
superior to the standard and traditional Sanger
DNA sequencing technologies developed in the
late 1970s (Barba et al. 2014). NGS has been
used as a powerful tool for studies on pathoge-
nomics, especially to detect, identify, and quan-
tify novel viruses in one step. NGS is also
sequence-independent and culture-independent
approach, which can be used for simultaneous
detection of RNA viruses, DNA viruses, and
viroids in a plant sample which contains even
very low titer. In the past few years, NGS has
been successfully used for the rapid identification
of pathogens in clinical and public health settings
and now in plants. NGS has proved to be a sensi-
tive method for detecting putative infectious
agents associated with human tissues and viral
transcripts and can be detected at frequencies
lower than one in 1,000,000. NGS utilizes a fun-
damentally different approach from the classic
Sanger chain-termination method. It leverages
sequencing by synthesis (SBS) technology and
keeps tracking the addition of labeled nucleotides
as the DNA chain is copied, and it works in a
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massively parallel fashion. It generates masses of
DNA sequence data that’s richer and more com-
plete than it is imaginable with Sanger sequenc-
ing. For example, [llumina sequencing systems
can deliver data output ranging from 300 kilo-
bases up to 1 terabase in a single run, depending
on instrument type and configuration.

NGS in Detection
and Discovery of Plant Virus/
Viroid Pathogens

5.4.1

Metagenomics developed by NGS technologies
has been proven to be sensitive, accurate, and fast
in detection and identification of known and
unknown viral and viroid, viromes without any
bias. The use of the technology in diagnostics has
been recently reported for temperate fruit crops
(Hadidi and Barba 2012), citrus (Bar-Joseph and
Gera 2012), grapevine, and other crops (Martelli
2012). Data generated by these technologies can
be used effectively to improve efficiency and reli-
ability of these programs as well as in programs
aimed at virus and viroid elimination from vege-
tatively propagated material. The list of NGS
application in plant virus diagnostics is furnished
in Table 5.4. The utilization of NGS in plant
virology in the near future will definitely increase
its usage in virus research and diagnostics. NGS
can be exploited in plant certification and quaran-
tine programs which can effectively improve the
efficiency and reliability of these programs and in
controlling virus and viroid diseases at both the
national and international levels, and it would be
highly useful for biosecurity purposes not only
for plant pathogens but also for animal and
human pathogens.

NGS is performed using different platforms
and template preparations (Boonham et al. 2014;
Massart et al. 2014) and allows the rapid, simul-
taneous detection of all known or unknown viral
sequences present in a sample. In plant viruses,
rolling circle amplification could be used to
enrich the circular genomes of virus (Wyant
et al. 2012) such as species of geminivirus, babu-
virus, badnavirus, etc., before going for library
preparation for NGS-based virome discovery.

Loop-mediated isothermal amplification could
also be used for any plant viruses for enrichment
so that the plant total RNA/DNA would not inter-
fere in the diagnostics and discovery and the bio-
informatic analysis would also be very simple
than whole genome sequencing of other microor-
ganisms. Likewise, total RNA preparations can
be enriched in viral sequence by purification of
mRNAs (Muerhoff et al. 1997). Such an approach
has, for example, been used to enrich NA popu-
lations for the sequencing of anovel Cucumovirus,
the gayfeather mild mottle virus (Adams et al.
2009) which was discovered with NGS method.

In order to find out the sequences of unknown
virus, the genome could be obtained from par-
tially or completely purified viral particles by
various techniques, viz., immune (Wetzel et al.
1992) or print capture (Olmos et al. 1996), sim-
plified partial purification schemes (Muthukumar
et al. 2009), or more complex purification
schemes through, for example, cesium chloride
gradient prior to DNA or RNA extraction. The
isolated viral DNA or RNA is finally sequenced
using NGS approach (Thapa et al. 2012). NGS
has been shown to be a good option for investi-
gating diseases of unknown etiology for, e.g.,
grapevine (Alabi et al. 2012).

5.5 Conclusion

Vegetatively propagated horticulture and agricul-
tural crops are more nutritive, and some of them
like potato, banana, and cassava are staple food
for millions of people living in the tropical and
subtropical countries. These crops harbor more
than a dozen of virus, viroids, and phytoplasmas,
and these plants need to be determined free of
pathogens before planting them in the field for
which highly sensitive, cost-effective, user-
friendly, and specific detection kits are necessary.
Development of such detection methods keeps on
evolving to meet the above said requirements so
that virus-free planting materials are made avail-
able to the farming community. In addition, bios-
ecurity became an important activity in every
country to safeguard the biodiversity and con-
serve the plant species. Biosecurity cost does not
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Table 5.4 Next-generation sequencing of plant viral siRNA, RNA, or DNA from virus-infected plant sample

Virus detected

Host

Strategy

Sequencing platform

Reference

Sweet potato feathery
mottle virus

Sweet potato chlorotic
stunt virus

Sweet potato feathery
mottle virus strain RC

Sweet potato virus C

(Potyvirus), sweet
potato chlorotic stunt
virus strain WA
(Crinivirus), sweet
potato

leaf curl Georgia virus
(Begomovirus), and
sweet potato pakakuy
virus strain B

Sweet potato

siRNAs

Illumina

Kreuze et al. (2009)

Complete sequence of
the Tanzanian strain of
Cassava brown streak
virus

Cassava

Total RNA +
subtractive

Roche 454

hybridization

GS FLX

Monger et al.
(2010)

Raspberry latent virus

Raspberry

dsRNA

Illumina

Quito-Avila et al.
(2011)

Complete nucleotide
sequences of two new
viruses pepper yellow
leaf curl virus

(Polerovirus) and
eggplant mild leaf
mottle virus
(Ipomovirus) were
determined

Pepper, eggplant

Purified virons viral
RNA

SOLiD

Dombrovsky et al.
(2011)

Complete genome
sequence of Piper
yellow mosaic virus

Fragments of two
additional novel
viruses belonging to

Caulimoviridae were
sequenced, and the
viruses were tentatively
named Piper DNA

virus 1 and 2

Black pepper

Viral and plant
DNA were isolated
from virus-enriched
fraction

Roche 454

GS FLX

Titanium

Hany et al. (2014)

Citrus tristeza virus
(CTV)

Citrus yellow vein
clearing virus, citrus
leprosis virus
cytoplasmic type 2,
citrus vein enation
virus

Citrus

siRNAs

Illumina

Solexa-Illumina

Ruiz-Ruiz et al.
(2011)

Loconsole et al.
(2012a)

Roy et al. (2013)
Vives et al. (2013)

(continued)
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Table 5.4 (continued)

Virus detected Host Strategy Sequencing platform Reference
Citrus chlorotic Citrus siRNAs and total Illumina Loconsole et al.
dwarf-associated virus DNA HiSeq2000 (2012b)
ASPV, ACLSVASGYV, | Apple siRNAs Ilumina Maree et al. (2012),
ASPV, ACLSV, ApLYV, HiSeq2000 and Yoshikawa et al.
ApPCLSYV, and PCMV (2012)
Variants of GLRaV-3, Grapevine siRNAs Illumina Maree et al. (2012)
GVA, and an unknown
mycovirus
(Grapevine Syrah 1 Total RNA or Roche 454 Al Rwahnih et al.
virus) GRSPaV, dsRNA (2009)
GRVFYV, GLRaV-9,
and viroids
Grapevine virus E, dsRNA Illumina Coetzee et al.
Penicillium (2010)
chrysogenum virus,
two other mycoviruses,
GLRaV-3, GRSPaV,
GVA
Viruses of the genera siRNAs Illumina Pantaleo et al.
Foveavirus, (2010)
Maculavirus,
Marafivirus, and
Nepovirus
Grapevine vein siRNAs Illumina Genome Zhang et al. (2011)
clearing virus Analyzer
GRSPaV, GRVFV, GSy siRNAs Ilumina Giampetruzzi et al.
1V, and viroids (2012)
Grapevine virus F dsRNA Illumina Al Rwahnih et al.
Genome (20122)
Analyzer IIx
Grapevine red Total RNA treated Illumina Poojari et al. (2013)
leaf-associated virus, with DNase Genome
GRSPaV, GFV, and
. Analyzer IIx
viroids
Grapevine red dsRNA extracted Illumina Al Rwahnih et al.
blotch-associated virus without DNase Genome (2012b)
treatment Analyzer IIx
PPV, PNRS Prunus dsRNA Roche 454 Candresse et al.
(2012)
Fig mosaic virus and Fig dsRNAs Illumina Chiumenti et al.
Fig latent virus 1 (2012)
Ampelovirus in the Blackberry dsRNAs Illumina Thekke-Veetil et al.
family Closteroviridae (2012)
Little cherry virus 1 Cherry dsRNAs Roche 454 Candresse et al.
Pyrosequencing (2013)

multiplex approach
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matter whereas specificity decides in achieving
the goal of detecting the targeted pathogens by
quarantine departments. Replacement of old
techniques lacking sensitivity, specificity, higher
cost, etc., is happening in the research arena, and
the need of easy to handle, cheaper detection kits
for on-site detection even by the end users like
farmers, nurserymen, and plant health clinics is
increasing day by day. ELISA and their variants
have lesser sensitivity than PCR; therefore, PCR
dominated in the laboratories for the detection
than ELISA. Because of the cost and more sensi-
tivity compared to ELISA, even now it is consid-
ered as a user-friendly high-throughput kit for
most of the viruses except babuvirus and
geminivirus. Now techniques like LAMP became
a user-friendly, quick, cost-effective, and highly
specific technique which could be used even
without PCR machine, and it is possible to exploit
this for on-site field detection. For most of the
plant viruses now, LAMP method has been made
available for the field and lab use. If we look at
the literature, more numbers of papers have been
published using LAMP; hence, this technique
appears to rule in the diagnostic industry in the
near future. Microarray, as expected, did not get
popular owing to its limitation on the cost and
difficulty in usage. RCA is another technique
highly suitable for circular DNA virus detection;
even without the use of specific primers, it can
detect the virus. Wide adoptability of NGS tech-
nology may take time as it is very good for index-
ing precious germplasm and discovery of new
viruses without any a priori knowledge, and at
present this technology would be limited to labs
only as bioinformatic analysis together with mul-
tiple step involvement. Fruit trees like citrus,
banana, apple, and grapes have to be certified
using NGS as it can simultaneously detect large
number of viruses, viroids, and phytoplasmas.
Once the pathogen-free mother trees are estab-
lished, then it would be easier to use LAMP and
LFIA kits by farmers themselves for field level
detection. Finally, it is concluded that LAMP,
RCA, LFIA, and microsphere multiplex ELISA
are the cutting-edge detection techniques having
more utility in all respect compared to conven-
tional ELISA and PCR techniques.

R. Selvarajan and V. Balasubramanian
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