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Abstract

Globally, viral diseases cause huge economic losses in crops and their management is a big challenge to growers as well as
researchers. Mixed infection is the existence of more than one virus in single plant, which results in varied symptoms at the
same time. The presence of more than one virus always leads to difficulty in understanding the etiology of disease. Most of
the viral diseases go unnoticed either due to the latent nature of infection of virus(es) or due to low severity of symptoms.
But this might be true in case of single infection of the host by the concerned virus. When such viruses are seen causing
infection in combination with other viruses at particular time, more severe disease symptoms can be observed. For any suc-
cessful management of viral disease especially during mixed infection, detection and identification of plant viruses causative
of the disease are of foremost importance. Several approaches like cocktail ELISA, multiplex PCR for known viruses and
next-generation sequencing for both known and unknown viruses have been developed for detection of mixed infection of
viruses. During mixed infection, several kinds of interaction commonly referred to as synergistic or antagonistic interac-
tions are going on between and among the viruses, which aggravate the disease with more severe symptoms than with single
infections. Here, we review the mixed infection of viruses, methods of detection, factors influencing, interactions and impact
on plant during mixed infection.
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Introduction

Viruses are molecular pathogens and are ubiquitous in
nature, found to be associated with wild as well as culti-
vated plants. According to the tenth ICTV report (2018b.
v1), among the total viruses recorded, the plant viruses are
grouped into 26 families, 118 genera, with 1516 plant virus
species. Plant viruses pose a grave threat to the world agri-
culture due to frequent recombination events leading to the
generation of new species and difficulty in understanding
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the disease caused by them in host due to varied symptoms.
There has been an increase in the viral disease problems
in the world due to large-scale free movement of planting
material, changes in environmental conditions majorly due
to global warming as well as increase in demand of agri-
cultural produce in international trade. The losses can be
quantified in terms of yield and quality of plant produce as
well as economic and social consequences. A recent exam-
ple of effect of changing environmental conditions leading
to enhanced threat is the leaf curl disease caused by bego-
movirus complex becoming a key restraining factor in the
production of cotton (Sharma and Rishi 2007). The three
large groups of viruses, i.e., potyviruses, tospoviruses and
begomoviruses, have been stated to have most economically
important emerging viruses as members. Several workers
have reported losses of as much as $30 billion worldwide
per year due to viral diseases (Anderson et al. 2004; Sastry
and Zitter 2014) which included severe losses of more than
25 million tons of cassava per year in India, Sri Lanka and
Africa (Legg and Thresh 2000; Calvert and Thresh 2002;
Thresh and Cooter 2005) due to cassava mosaic virus and in
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the USA, a yearly loss of $100 million on potato production
due to potato leafroll virus (PLRV) (Sastry and Zitter 2014).

Most of the viral diseases go unnoticed either due to the
latent nature viral infection or due to low severity of symp-
toms. But this might be true in case of single infection of the
host by the concerned virus. When such viruses are causing
infection in combination with other viruses, at a particular
time, more severe disease symptoms can be observed. The
classical examples of enhanced disease symptoms due to
mixed infection are of potato rugose mosaic disease caused
by Potato virus X (PVX) along with Potato virus Y (PVY),
potato crinkle disease caused by PVX and Potato virus A
(PVA), tomato streak disease due to co-infection of PVX
and Tobacco mosaic virus (TMV) (Jones and Barbetti 2012).
In some of the cases, the severity level of the disease may
lead up to 90% losses in yield caused by Sweet potato chlo-
rotic stunt virus (SPCSV) and Sweet potato feathery mot-
tle virus (SPFMV) (Karyeija et al. 2000). Cassava mosaic
disease (CMD) epidemic caused due to mixed infection of
African cassava mosaic virus (ACMV) and Uganda strain
of East African cassava mosaic virus (EACMV) (Legg and
Fauquet 2004); maize lethal necrosis (MLN) caused due
to the co-infection with machlomovirus Maize chlorotic
mottle virus (MCMYV) and any of the potyvirus infecting
cereals such as Wheat streak mosaic virus (WSMV), Sug-
arcane mosaic virus (SCMV), Maize dwarf mosaic virus
(MDMV) or Johnsongrass mosaic virus (JMV) (Redinbaugh
and Stewart 2018). Some mixed viral infections have been
documented to be resulting from the complex interactions
of more than three viruses such as grapevine leafroll disease
which is caused due to the complex association of as high as
11 grapevine leafroll-associated viruses (Naidu et al. 2014,
2015). Though previous attempts have been made on discus-
sion of mixed infections of viruses, through this review their
modes of detection and information on their types of interac-
tions with examples have been discussed in a distinct format.

Mixed infection of plant viruses

The plants in nature as well as cultivated habitats are var-
iedly populous in terms of the number of associated viruses
differing in their biological, epidemiological as well as soci-
oeconomic significance. Mixed infections of viruses can be
extraordinarily recurrent, such that their occurrence can be
considered as a rule rather than exception. Mixed infections
arise as a collaboration of several cross-interacting players
that lead to complex events such as:

1. Viruses they act as generalists enabling infection of dif-
ferent host plants including both wild as well as culti-
vated plants. Due to frequent recombination and muta-
tions, they generate new variants with acquired ability
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to infect new hosts thus possessing a large host range
among crops. Also, being obligate parasites they try to
live in harmony with the host in turn providing more
scope for the coexistence of multiple viruses and occur-
rence of mixed infections.

2. Hosts a wide variety of wild and cultivated plants are
available to act as hosts in the same environment provid-
ing the opportunity to viruses to have large host range
and ability to survive throughout the year.

3. Vectors organisms involved in transmission of viruses
are polyphagous and thus associated with multiple hosts,
due to which they acquire virus from some plant and
transmit to another which may already be infected by
another virus in turn creating a possibility of mixed
infection.

The interactions between these three factors argue in
favor of more persistent occurrence of multiple viral infec-
tions in plants. Figure 1 depicts the three factors and their
interactions leading to viral disease in the form of a smart
art. Another mechanism probably playing a large role in
leading to mixed infections is the inadvertent long distance
transport of viruses facilitated by enhanced global move-
ment of infected plants as well as people. As viruses can
easily move from reservoir hosts to new hosts and adapt to
new conditions thus when a plant is introduced in an area,
the viruses associated with it tend to move to neighboring
hosts resulting in mixed infections either via physical con-
tact and vectors. An example of emergence of an already
established virus of original host in a new host is of Pepino
mosaic virus (PepMV) infecting pepino originally found in
South America, which was further identified in greenhouse
tomatoes in Netherlands in 1999 which was spread mainly
due to seed dissemination. Eventually, strains of PepMV
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Fig. 1 Depiction of the three cross-interacting factors playing major
role in the emergence of mixed infections of viruses along with a
glimpse of their nature leading to mixed infections
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evolved differencing in biological and genetic properties
leading to further mixed infections in whole of Europe
which became difficult to manage and require strict sanita-
tion (Rojas and Gilbertson 2008).

Factors influencing outcomes of mixed
infections

A number of factors are known to influence the possible
outcomes of mixed infections of viruses, i.e., whether the
effect will be positive, negative or neutral on each other
as well as plant. Such factors may be in terms of either
the concerned viruses themselves or the plant host and its
cultivar they infect.

Co-infection and superinfection

The kind of interaction that will occur is extremely
dependent on the time and order of arrival of viruses and
infection of host in mixed infection. Co-infection refers to
the simultaneous arrival of viruses and infection of host
plant roughly at the same time by both viruses. At the
early stages of infection, when the viral densities are low
and a high number of healthy plants are available to act
as host, the occurrence of co-infection is favored due to
lack of competition for resources. Thus, co-infections are
also known to increase the virus fitness. Superinfection
refers to the arrival of concerned viruses in mixed infec-
tion at different time points (Saldana et al. 2003). Thus, the
infection of one virus is preceded by the infection of the
other virus involved in mixed infection. In later stages of
infections as the disease spread, the viral densities increase
with the reduction in the number of healthy host plants,
and the superinfection becomes predominant and frequent
due to increase in competition. The outcome of the super-
infection is also influenced by the order of the infection
of concerned viruses and also the time frame between the
infections. As seen in case of papaya plants which when
either co-infected by both viruses or first infected with
Papaya ringspot virus (PRSV) followed by infection with
Papaya mosaic virus (PapMV) resulted in synergistic
interaction; but reversing the order of infection of viruses
leads to antagonism, primarily due to the activation of
defense responses against PRSV by early PapMV infection
in turn establishing protective association with the host
(Chavez-Calvillo et al. 2016). The superinfection laid the
principle of cross-protection where the early infection by
mild protecting strain prevents any consequent infection
by severe strain of the virus.

Plant host and cultivar

The outcomes are also influenced by the host as well as the
cultivar infected by the concerned viruses in mixed infec-
tions. The infection of different hosts by concerned viruses
of mixed infections may show alterations in the patterns
and quantity of virus accumulations as well as the type and
severity of symptom expression influencing the type of inter-
action between viruses, responses to host and also vector
transmission. Such host-dependent alteration has been seen
in case of co-infections with Pepper golden mosaic virus
(PepGMV) and Pepper huasteco virus (PHV) of pepper
resulting in antagonism as contrary to that of tobacco and NV.
benthamiana resulting in synergism (Mendez-Lozano et al.
2003). Infection of different host species resulting in differ-
ent quantities of virus load has been reported in case of co-
infections with Tomato infectious chlorosis virus (TICV) and
Tomato chlorosis virus (ToCV) of Physalis wrightii plants,
wherein titers of both viruses were found to be decreased, on
contrary to co-infections of N. benthamiana plants wherein
viral load of TICV was increased, while that of ToCV was
found to be decreased (Wintermantel et al. 2008). Another
classical example is of mixed infections by PVY and PVX
of tobacco plants (Nicotiana tabacum), wherein enhanced
diseases symptoms along with tenfold increase in PVX titers
are reported, on contrary to mixed infections of N. bentha-
miana resulted in severe disease with systemic necrosis of
leaves and stem leading to death of plant, but no change in
the titer of PVX was observed (Gonalez-Jara et al. 2005).
The outcome of mixed infection may also be cultivar spe-
cific, as reported in co-infections of three wheat cultivars
with Triticum mosaic virus (TriMV) and Wheat streak
mosaic virus (WSMV), wherein synergism with extensive
leaf deformation, leaf bleaching and stunting was observed
in Arapahoe and Tomahawk cultivars, while negligibility
to mid-synergism was observed in case of Mace cultivar
(Tatineni et al. 2010). They noticed that this might be due
to the asymmetrical accumulation of co-infecting viruses
(34-fold more efficient replication of WSMV as compared to
TriMV) and hypothesized that the concentration of individ-
ual viruses in mixed infections is a vital aspect and should
reach a threshold level for eliciting synergism. Many more
examples of cultivar-dependent mixed infection outcomes
include infection of PVX with TMV in tomato cvs. Fukuju
No. 2, GCR 236 and GCR 237 (Balogun et al. 2005).

Interactions among plant viruses
In the course of mixed viral infections, the concerned
viruses might interact among themselves in a variety

that ranges from neutralism to synergism to antago-
nism, directly impacting the host plant as well as their
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relationships with vector organism. In neutral, no changes
in viral accumulation in terms of titer or pathogenicity
are observed during mixed infection compared to single
infections of individual viruses. Phenotype of the mixed
infected plant remains same as that of the single infected
plant. It is the most commonly occurring interaction as a
number of plant viruses infect a single host at the same
time. On the other hand if differences in single and mixed
infections are observed, the interactions might be synergis-
tic or antagonistic. In synergism, one virus or both viruses
benefit from the presence of the each other in terms of
viral titer, pathogenicity and increased dissemination by
vector organisms. However in antagonistic interaction,
the association of one virus is detrimental to the pres-
ence of the other, or both are detrimental to each other
in mixed infection of plants. In many cases, synergisms
and antagonism might occur together at the same time in
a host, wherein one partner is alleviated and the other is
suppressed. The interactions between concerned viruses
may also lead to recombination, reassortment and com-
plementation events leading to the generation of new vari-
ants of viruses. The devastating CMD appeared due to the
emergence of highly virulent forms via reassortment and
recombination between EACMYV and ACMV. This was due
to the exchange of capsid protein (CP) gene sequences of
ACMYV with homologous sequences of EACMYV, giving
rise to a highly virulent recombinant, East African cas-
sava mosaic virus Uganda-2 (EACMV-UG?2) that has been
implicated in this disease outbreak. This is an example of
synergism wherein both viruses interact with each other
in positive manner to aggravate the disease. The various
types of interactions and their causes along with examples
have been discussed below. Figure 2 depicts the types of
interactions occurring in mixed infections and their pos-
sible outcomes on the concerned viruses.

Synergism

In most cases of mixed infection, aggravated disease
with more severe symptoms than with single infections is
observed commonly referred to as a synergistic interaction
or synergism. The synergism between concerned viruses
might be in terms of increased replication of either one or
both the viruses, acquired ability to invade new plant tissues
(movement) and helper dependence of one virus on other for
transmission or other essential functions. Virus—virus inter-
action within mixed infections may result in the suppression
of host defense mechanisms by one or both viruses. Dur-
ing mixed infections, the viral suppressor proteins (VSPs)
have also been reported to play role in altering tissue move-
ment patterns of other viruses (Garcia-Marcos et al. 2009;
Gonalez-Jara et al. 2005). However, in case of mixed infec-
tions involving a potyvirus, often the accumulation level of
the potyvirus is unaltered, while that of the non-potyvirus
increases significantly (Gonalez-Jara et al. 2005; Pruss et al.
1997). Pruss et al. (1997) identified that the potyviral P1
protein and HC-Pro (helper component protease) act as a
pathogenicity enhancer of other viruses, thus by acting as
a helper virus, by suppressing PTGS paving the way for
further infection. The need for the effective suppression of
RNA silencing mechanism of plant for successful infection
has also led to the enhanced mixed infection of viruses. As
reported in case of synergistic interaction among tripartite
begomovirus combination of Pepper golden mosaic virus
(PepGMV) DNA-A and DNA-A and DNA-B of Pepper
huasteco yellow vein virus (PHY VV) inducing striking dis-
ease severity in N. benthamiana, pepper and tomato plants
compared to the symptoms induced by PHYVV unaccom-
panied (Sharp et al. 1999). The open reading frame (ORF) 4
of DNA-A component (AC4 ORF) functioning as suppressor
of gene silencing provides evidence for creation of selection

Types of
interactions

N\

Synergistic

Antagonistic

Synergism &
Antagonism

Fig.2 Depiction of the kind of interactions that take place between
the various multiple viruses infecting plants simultaneously. Beneath,
each interaction is displayed the possible outcomes of such interac-
tions on each concerned virus in mixed infection. O indicates no
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pressure for maintaining more than one DNA-A component
for efficient suppression of antiviral defense response (Vani-
tharani et al. 2004).

In most of the reported cases of synergism, increase in
titer of only one virus has been observed such as for Sug-
arcane mosaic virus-MD-B and MCMV (Goldberg et al.
1987), PVX and PVY (Vance et al. 1991) and Soybean
mosaic virus (SMV) and Cowpea mottle virus (CPMV)
(Anjos et al. 1992). However, in case of synergism between
WSMV and MCMYV (Scheets et al. 1998), WSMV and
TriMV (Tatineni et al. 2010), increase in concentration
of both interacting viruses and with concomitant increase
in disease severity has been observed. The synergisms
between unrelated viruses are common, but instances of
synergisms between viruses belonging to the same family
have also been reported such as two Crinivirus spp. (Win-
termantel et al. 2008), potyviruses (Tatineni et al. 2010)
and begomoviruses such as mixed infection of TOLCNDV
with monopartite begomoviruses, such as Cotton leaf curl
Kokhran virus-Burewala strain (CLCuKoV-Bur) (Zaidi et al.
2016), Bhendi yellow vein mosaic virus (BY VMV) (Venka-
taravanappa et al. 2015), Croton yellow vein mosaic virus
(CYVMYV) (Singh et al. 2012), Squash leaf curl China virus
(SLCCNYV) and Tomato leaf curl Ranchi virus (ToLCRnV)
(Kumari et al. 2011).

Types and cause of synergistic interactions

Helper dependence Helper dependence occurs when any
of the viruses involved in mixed infection is faulty in one
or more indispensable functions (dependent virus) which in
turn can be supplemented by the other virus acting as the
helper. Thus in this kind of interaction, there is a solitary
assistance of helper virus to the dependent virus. In this
case, usually the subviral agents or viral associated replicons
are found in mixed infections in host along with helper virus
in turn either reducing or exacerbating the symptoms caused
by the helper virus. A general kind of dependence might
be in terms of transmission of non-transmissible isolate of
virus after encapsidation of nucleic acid within the capsid
of either only transmissible isolate (complete dependence)
or within capsid consisting of capsomeres of both isolates
(phenotypic mixing) (Bourdin and Lecoq 1991). The exam-
ple of famous groundnut rosette disease, caused by interac-
tion of an umbravirus Groundnut rosette virus (GRV), its
satellite RNA and luteovirus Groundnut rosette assistor
virus (GRAV), wherein GRV and its sat-RNA are entirely
dependent on the coat protein of GRAV for encapsidation
as well as transmission by aphid vector (Murant 1990). This
complete dependence on a helper virus coat protein for the
encapsidation of the genome of dependent virus has been
termed as transencapsidation or genome masking. It is a
natures mode of maintaining mixed infections and has been

most commonly reported in case of umbraviruses, which
lack the genetic information to code for the coat protein
and thus depend on the luteoviruses for encapsidation and
in turn aphid transmission. The other classical example of
small RNA replicons causing mixed infection by depending
on the helper virus is of ST9 of Beet western yellows virus
that acts as dependent virus on helper polerovirus for its
aphid transmission and movement in turn enhancing repli-
cation of polerovirus leading to severity of symptoms (Pass-
more et al. 1993; Sanger et al. 1994). The Potato spindle
tuber viroid (PSTVd) is a mechanically transmitted viroid,
but after its transcapsidation in Potato leafroll virus (PLRV)
capsid, it becomes specifically and efficiently transmitted
by few aphid species, mainly the green peach aphid (Myzus
persicae) (Querci et al. 1997). Similarly, in case of Barley
yellow dwarf virus-MAV strain (BYDV-MAV) and Cereal
yellow dwarf virus-RPV strain (CYDV-RPV), transmitted
by aphids Sitobion avenae and Rhopalosiphum padi, respec-
tively, in single infections, BYDV-MAV RNA becomes
encapsidated in CYDV-RPV capsids and becomes transmis-
sible by R. padi in mixed infection of barley, oat and wheat
(Creamer and Falk 1990; Baltenberger et al. 1987).

On the other hand heteroencapsidation/heterologous
encapsidation with phenotypic mixing, wherein the genome
of a virus can acquire the properties of the particles of
another virus partially, as seen in case of aphid non-trans-
missible potyvirus ZYMYV isolate that during mixed infec-
tion with potyvirus (PRSV) produces heteroencapsidated
particles in turn acquiring the ability of aphid transmis-
sion (Bourdin and Lecoq 1991). The non-transmissibility
of ZYMV strain is due to modification in the triplet amino
acid sequence (asp-ala-gly) located near the N-terminus of
capsid protein. Recently, taxonomic studies indicated that
the viral polymerases of viruses are significantly similar that
in turn favor the capture and exchange of capsid genes in
mixed infections of both viruses (Wolf et al. 2018). Heter-
oencapsidation to facilitate whitefly transmission has also
been reported between pseudo-recombinants of two bipar-
tite begomoviruses, tomato leaf curl New Delhi virus and
Palampur virus in cucurbits and tomato (Kanakala et al.
2013).

Heterologous complementation/transcomplementation
is another form of facilitation in which the non-structural
proteins called the helper components act as bridges
between virus particles in turn facilitating vector trans-
mission (bridge hypothesis). As observed in case of Potato
aucuba mosaic virus (PAMV), it is only contact transmit-
ted in single infections, but when present in mixed infec-
tions in potato plants along with potyvirus, it acquires the
ability of transmission by aphids. It has also been observed
that even if in the plant PVY is not previously present,
but the aphid vector has fed on PVY-infected plant, then
PAMYV becomes transmissible even from singly infected
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plants. This facilitation is a result of transcomplementa-
tion through a conserved DAG motif in the N-terminus of
PAMYV which is a characteristic of potyviruses (Manous-
sopoulos 2001) along with the HC-transcomplementation
in which HC-Pro of one virus can enable aphid transmis-
sion of another virus after acquiring of HC-Pro by the
aphid which binds to the cuticular lining of aphid mouth
parts (Froissart et al. 2002). Another example of such
complementation is observed in case of previously men-
tioned mixed infections of TICV and ToCV, which enables
TICV transmission by Trialeurodes abutilonea from mixed
infected plants, which otherwise is a non-vector of TICV
alone (Wintermantel et al. 2008).

Overcoming tissue tropism Tissue tropism refers to the
specificity of a virus to be able to infect only some type of
cells or tissues and exhibit restrictions to enter others. In
mixed infections, the viruses acquire the ability to invade
and infect new plant tissues, most commonly observed in
phloem-restricted viruses (Mascia and Gallitelli 2016). As
seen in case of Tomato yellow spot virus (TYSV) which
localizes in mesophyll cells and Tomato rugose mosaic
virus (ToORMV) which localizes in phloem in single infec-
tions in N. benthamiana plants. But in mixed infection
of tomato by both viruses, TORMV acquires the ability
to invade mesophyll cells too along with phloem (Alvez-
Junior et al. 2009). Similar alteration has also been seen
in mixed infections of PVA and PLRYV in N. benthamiana
plants, wherein PLRV acquires the ability to infect differ-
ent cell types in leaves along with phloem (Savenkov and
Valkonen 2001). Similarly, in natural mixed infections of
beans with Bean golden mosaic virus (BGMV) with any
tobamovirus also enables the BGMV to invade mesophyll
parenchyma along with phloem (Carr and Kim 1983). This
could possibly due to the assistance of movement proteins
of one virus in overcoming the movement deficiencies
of the other. A similar phenomenon could also be seen
in natural hosts such as zucchini squash co-infected with
ZYMYV that assisted CMV in systemic spread (Choi et al.,
2002). The acquired ability to infect mesophyll cells or
other leaf cells enhances the mechanical transmission as
well as the transmission of virus by vectors by influencing
the time duration of acquisition and inoculation. Not only
the movement proteins but also the RNA silencing sup-
pressor (RSS) proteins of viruses has been proven to play
role in overcoming tissue tropism of unrelated viruses.
Such phenomenon was shown for a DNA-RNA virus
co-infection, wherein CMV 2b protein (RSS) and not the
movement protein (CMV 3a protein) was found to mediate
movement and increased replication of Abutilon mosaic
virus (AbMV) in non-vascular cells along with vascular
cells in N. benthamiana, tobacco and tomato (Wege and
Siegmund 2007).
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Altered host range It is a case of impact on both plant and
viruses, wherein a plant infected by one virus becomes sus-
ceptible to the infection by other viruses also which are una-
ble to infect that plant in single infections. This extension
of host range may be due to heterologous encapsidation or
genome masking as seen in case of Southern cowpea mosaic
virus (SCPMV) which infects only cowpea and Southern
bean mosaic virus (SBMV) which infects only common
bean in single infections. But in mixed infections, SCPMV
also acquires the ability to infect common bean systemically
in encapsidated form (Hacker and Fowler 2000).

Antagonism

Antagonism is mainly due to activation of host defense
responses by the infection of primary virus thus preventing
the subsequent infection by secondary virus. Also, reduced
rate of virus multiplications might be due to tough com-
petition for host resources in mixed infections, leading to
declined fitness in contrast to single infections. Generally,
closely related viruses or viral strains while attacking the
same host plant do not inhabit the same cells already con-
quered by their counterpart, subsequently occupying dis-
crete niches, generally referred to as spatial separation/spa-
tial exclusion. Such exclusions have been proved in mixed
infections of N. benthamiana with Tobacco vein mottling
virus (TVMV), Clover yellow vein virus (CI1YVV) and Plum
pox virus (PPV). The decreased titers of one or both viruses
cannot be correlated with the symptom expression in many
cases such as double infections of tomato by two begomovi-
ruses—ToYSV and ToORMYV, wherein though titers of both
viruses were found to be reduced, the symptoms expressed
were more severe in comparison with single infections. This
might be due to the negative interference of tomato plants
between two begomoviruses (Alvez-Junior et al. 2009).

Types of antagonistic interactions

Low synergism + high antagonism Many a times in mixed
infections, low synergism and high antagonism are observed
like in case of tomato plants infected with Tomato tor-
rado virus (ToT'V) and PepMV wherein slight increase in
the titers of ToT'V in early stages of infection is observed
suggesting synergism, but the titers of PMV were strongly
reduced at all the time points suggesting antagonism. Due
to this slight increase in titers of one virus in some infec-
tions, the antagonisms are less studied because antagonism
instead of exacerbation goes unnoticed (Gomez et al. 2010).
The coexistence of synergism and antagonism has also been
reported in case of mixed infections of ToYSV and TORMV
in N. benthamiana wherein titers of ToYSV were found to be
slightly decreased, while that of TORMYV increased signifi-
cantly (Alvez-Junior et al. 2009). The interactions between
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these two viruses are also host dependent as indicated by the
reduced concentrations of both viruses in doubly infected
tomato plants.

Homologous interference/superinfection  exclusion
(SIE) Commonly referred to as cross-protection wherein
the presence of one virus in a cell (Spatial separation) or
entire host in few cases prevents or interferes with the sub-
sequent infection by any another virus in turn protecting
the host by excluding the superinfecting virus. The SIE
is supposed to occur even if the principal virus is weaker
than its counterpart, which is due to the maximized pro-
duction of progeny particles of the first virus after infec-
tion of the cell (Beperet et al. 2014). This mechanism
has been widely exploited to prevent viral infections in
crops using avirulent or mild protecting strains such as
PRSYV, Citrus tristeza virus (CTV) and ZYMYV (Ziebell
and Carr 2010). The protection a mild strain offers to a
normal (severe) strain has been demonstrated to remain
stable for long time in Brazil in case of CTV (Rezende
and Miiller 1995). It has been observed that the cross-
protection occurs exclusively between the isolates of the
same strain and not that of different strains (Folimonova
et al. 2010). The possible mechanism of cross-protection
lies in the prevention of virus uncoating and disassembly
along with interference in replication of the challenging
virus by the protecting viral strain (Sarika et al. 2010). It
also benefits the viruses in generating stable sequences
by reduced recombination between homologous viruses
(Syller et al. 2012). The phenomenon of superinfection
exclusion has been demonstrated in mixed infections of
N. benthamiana plants with TMV and Hibiscus latent
Singapore virus (HLSV), wherein superinfections of
HLSYV prevented late infection by TMV of the host (Chen
et al. 2012).

Impact on hosts
Plants

The mixed infections have varied impacts on host plants,
apart from the enhanced symptoms and reduced yield in
many cases such as the cassava brown streak disease out-
break in cassava due to mixed infection of Cassava brown
streak virus (CBSV) and Ugandan cassava brown streak
virus (UCBSV) leading to synergism (Jacobson et al.
2018). The other impacts might be in terms of increased
gene expression as well as physiological modifications of
the host plant in turn leading to changes in the metabolism
of the plant more than that caused by single infections of
viruses.

Host modification/altered gene expression

In mixed infection of plants by viruses, modification in terms
of enhanced gene expression during simultaneous infec-
tion by concerning viruses might occur as host response to
multiple infections which might be far greater in magnitude
as compared to single infections. The synergistic interac-
tions during PVX and PVY co-infection of N. benthami-
ana which lead to necrosis and finally death of plant have
been studied for changes in gene expression on host. The
gene responsible for chloroplast function was found to be
downregulated, while an upregulation of genes controlled
carbohydrate metabolism, protein synthesis and degradation,
oxylipin biosynthesis and response to biotic stimulus and
stress including induced expression of enzymes generating
reactive oxygen species (ROS) as well as several mitogen-
activated protein kinases (MAPKSs). A severe oxidative stress
was also found to be induced in N. benthamiana leaves,
indicated by increased lipid peroxidation and generation of
superoxide radicals in chloroplasts. During PVX-PVY co-
infections gene silencing of alpha dioxygenase 1, delayed
cell death was found to be induced. Thus, it was confirmed in
co-infections of PVX-PVY the relative proportion of genes
altered was far greater than the corresponding infections of
either PVY or PVX singly (Garcia-Marcos et al. 2009).

RNA silencing/PTGS pathways

RNA silencing or post-transcriptional gene silencing
(PTGS) pathways are an endogenous cellular mechanism of
eukaryotes that is exploited by plants for the prevention of
infection by plant pathogens via processes such as chromatin
modification, DNA methylation and transposon activity, by
the activity of small RNAs (sRNAs). Thus, it is expected
that when plants are simultaneously attacked by multiple
viruses in synergy, they respond vigorously with an upsurge
in the endogenous sSRNAs to initiate the PTGS against invad-
ing viruses. In a study of mixed infection of wheat plant
by the WSMYV and the TriMV, a major change in the host
endogenous sRNA profile was observed between single and
mixed infections that lead to change in defense responses of
the host (Tatineni et al. 2014). Examples of suppression of
host RNA silencing pathways to enhance efficiency of mixed
infection has already been cited earlier in this review.

Breakage of resistance

The breakage of resistance of the plant to the infection by
a given virus leads to the transformation of the plant from
nonhost to a host; thereby, extending the host range of the
virus has been commonly observed in mixed infections of
viruses. When a virus infects a particular cultivar of a plant
which is otherwise resistant to some other virus/viruses, the
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resistance might be broken facilitating invasion and infec-
tion by the other viruses. The breakage of resistance has
been observed in tomato plants to TSWV co-infected with
Tomato chlorosis virus (ToCV) (Garcia-Cano et al. 2006),
in cucumber plants cv. Delila to CMV co-infected with
ZYMV (Wang et al. 2004) and in sweet potato also to varied
number of viruses when co-infected with SPCSV (Karyeija
et al. 2000; Mukasa et al. 2006; Untiveros et al. 2007). In
some mixed infections, the breakage of resistance remains
uninfluenced by the order of infection of viruses such as in
case of cucumber infection with CMV and ZYMV (Wang
et al. 2004), while pre-infection of tomato plants with ToCV
induced susceptibility to TSWYV, but co-infections of both
viruses did not. This might be due to the downregulation of
defense responses in resistant tomato plants by pre-infection
of ToCV (Garcia-Cano et al. 2006).

Vectors

Vectors play a key role in numerous viral infection cycles,
since majority of plant viruses depend on the vectors for
dispersion from plant to plant as well as field to field. Vec-
tors are a mobile partner in plant—virus—plant interaction
leading to spreading of infection. Thus, preference of vectors
for multiple hosts at a time can favor occurrence of mixed
infections. The changes caused by viruses while infecting
plants influence the vector behavior and physiology in turn
influencing the spread of the viruses (Bak et al. 2017). The
presence as well as increased multiplication of viruses in
mixed infections also influences the rate of their transmis-
sion by vectors. The transmission rate of a virus is generally
estimated as the percentage of healthy plants in which the
virus is inoculated by the viruliferous vector after feeding
on the infected plants. The increased efficiency of trans-
mission might be directly correlated with the increase in
viral load of the concerned viruses as seen in case of aphid
transmitted viruses (Barker and Woodford 1992; Gray et al.
1991; Pereira et al. 1989; De Bokx et al. 1978), whitefly
transmitted criniviruses (Wintermantel et al. 2008) and mite
transmitted potyviruses (WSMYV and TriMV) (Tatineni et al.
2010). As stated earlier, mixed infections broaden virus
distribution in the host and lead to invasion of new tissues
by the viruses which in turn enhances the chances of virus
availability for feeding vectors.

Direct vector manipulation

In mixed infections, the vectors are manipulated directly in
a manner to be attracted to infected plants to acquire the
virus and to the healthy plants to transmit the virus. As
seen in case of rice co-infected with Southern rice black-
streaked dwarf virus (SRBSDV) and Rice ragged stunt virus
(RRSV) which are transmitted by white-backed plant hopper
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(WBPH) and brown plant hopper (BPH), respectively, in
single infections. But in mixed infections, virus-free WBPH
is more attracted to the infected plants, while the virulifer-
ous WBPH is more attracted to healthy plants increasing the
efficiency of transmission. On the other hand, BPH, a non-
vector of SRBSDV, showed only preference for rice plants
infected with SRBSDV over healthy plants, when they are
viruliferous for RRSV thus favoring the occurrence of mixed
infections in rice (Wang et al. 2014). The co-infections of
Cucurbit yellow stunting disorder virus (CYSDV) and
Watermelon mosaic virus (WMV) lead to prolonged feeding
of melon plants by the aphids during a particular subphase of
virus acquisition compared to single infected plants resulting
in efficient transmission of potyvirus even during reduced
WMV load in plants (Domingo-Calap et al. 2019).

Indirect vector manipulation via host

In some cases to favor the occurrence of mixed infections,
the host may be modified in such manner in terms of visual,
olfactory clues or nutritional alterations in order to increase
the attraction of the vector to the host. As seen in case of
potato plants mixed infected with PVY and PLRV trans-
mitted by Myzus persicae and Macrosiphum euphorbiae,
respectively, wherein for both vectors fecundity and prefer-
ence increased in mixed infected potato plants either due to
increase in sugars and amino acids in the phloem or some
other sensory host modifications (Srinivasan and Alvarez
2007).

Detection and diagnosis

There have been numerous reports on single viruses infect-
ing a host, but there has been a limitation in the detec-
tion of the number of pathogens infecting a host in mixed
infections due to compromising detection factors such as
specificity and sensitivity. In the past few years, there has
been advancement in the multiplex or polyvalent detection
methods for simultaneous detection of viruses based on
either molecular hybridization or polymerase chain reaction
(PCR). The viral metagenomics approach via high-through-
put next-generation sequencing is now playing a vital role in
revealing the extent of mixed infections in hosts by known as
well as unknown viruses and virus-like organisms. Multiplex
testing refers to the testing of a single sample for identifica-
tion of more than one target pathogen, which can undeni-
ably offer considerable cost and time benefits. It reduces the
total handling time and the quantity of consumables and
other reagents required, exclusively during testing of larger
numbers of samples. It is a well-established fact that both
cultivated and uncultivated plants, even being symptomless,
are associated with number of viruses and virus-like agents
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at a time; as most of the viruses are latent in nature (Nabi
et al. 2018). This necessitates the development of multiplex
detection methods for number of viruses to reduce the costs
and enhance robustness and usefulness in routine diagnosis.
Various methods are already in use for detection of multi-
ple viruses or variants of same virus from same as well as
different families. Some of the methods used for multiplex
detection have been discussed below.

Biological assays

Biological indexing also referred to as biological assays or
bioassays is a pathogen infection detection approach based
on the symptom induction ability of pathogen on inocula-
tion (either mechanical inoculation or grafting) on certain
plants known as indicator plants (Gentit 2006). It can be
efficiently used to detect the single infection of plant viruses.
However, mixed infections of viruses are relatively common
which can modify the expression of symptoms. A number
of indicator plants highly susceptible to infections of many
viruses’ and virus-like diseases have been identified which
can be used to detect an extensive range of pathogens. The
efficacy of bioassay and probability of symptom expression
in indicator plants by viruses in mixed infections has been
studied by Vidalakis et al. (2004) for multiple citrus viruses.
He observed that probability is significantly suppressed in
co-infection:

1 Symptom expression by virus V1 can be suppressed
when the virus V1 particles have a small title;

2 Symptom expression of V1 can be blocked in the pres-
ence of V2 virus, though these aspects are dependent on
the V2 virus identity, strain and also on isolate (same for
virus V1) as well as on indicator plant used;

3 Co-infection with certain other viruses will substantially
reduce the number of symptomatic indicator plants in
V1 and the efficacy of this indicator as a V1 indicator.

The involvement of latent viruses will minimize or sup-
press expression of the other virus resulting false-negative
result. The mixed infections can also result in varied symp-
toms and delay in their expression.

Differences in the influence of temperature on pathogen
replication can also impact the biological indexing results in
plants with multiple viral infections (Biosecurity New Zea-
land 2009; Syller 2012; Constable et al. 2013). Such vari-
ability in symptom expression in mixed infection has been
reported for mechanical inoculations with PVX and PVY of
different indicator plants. Therein, external lesions appeared
both in case of PVX and PVY inoculations of Gomphrena
globosa L. and Chenopodium amaranticolor, respectively,
while severe mosaic was observed for both on Nicotiana
tabacum cv. White burley. However, variable symptoms such

as vein banding and mild mosaic were observed on Datura
stramonium for PVX and veins clearing, severe mosaic,
malformation and leaf cup shape on D. metel for PVY (EL-
Araby et al. 2009). Comparing the results of bioassays with
that of serological or molecular tests, however, has shown
the limitations for detecting and identifying many pathogens
(Legrand et al. 2015).

Immunoassays

Immunoassays also referred to as the serology-based assays
depend on the specific antigen—antibody interactions of the
viruses wherein antibodies are designed against the specific
proteins of the virus whose interaction indicates positive
association of the virus in the assay.

Cocktail enzyme-linked immunosorbent assay (ELISA)

ELISA is a commonly used technique for the detection of
viruses due to its reliability, sensitivity and specificity. But
it is mainly used for detection of single pathogen due to the
specific antibody—antigen reaction against the single target
pathogen. Yet, research has been conducted on the fabri-
cation of cocktail antibodies for simultaneous detection of
multiple known viral infections. The specificity of the test
lays in fact the production of color, if viruses are present,
but the actual presence of specific virus is difficult to detect
unless there is a different color or test line for each specific
virus. So, the intensity of color indication gives proof of
the presence of viruses in sample such as the production of
polyclonal antibodies against the fused coat proteins (CPs)
of PVX and PVY having the capability to detect the natural
mixed infection of PVX and PVY causing rugose mosaic
disease in potato via direct antibody-coated ELISA (DAC-
ELISA) (Kapoor et al. 2013). Similarly, cocktail of poly-
clonal antibodies has also been designed for simultaneous
detection of Cucumber mosaic virus (CMV), Groundnut bud
necrosis virus (GBNV) and Papaya ringspot virus (PRSV)
using either only CP sequences of first two or CP protein
sequences of CMV and PRSV along with nucleocapsid pro-
tein (N) of GBNV via DAC-ELISA in Asteraceous, Cucur-
bitaceous, Iridaceous, Caricaceous and Solanaceous hosts
at 1:500 dilution (Kapoor et al. 2014). The use of cocktail
PADs is very useful for indexing of virus-free plants espe-
cially in the vegetatively propagated crops. An alternative
to the conventional ELISA is the use of magnetic micro-
spheres/beads (6.5 pM) (Luminex xXMAP technology) for
linking of antibodies, instead of microtiter plate which is
further used for the capturing of target pathogens. The use
of paramagnetic beads has been employed for simultaneous
detection of PVX, PVY and Potato leafroll virus (PLRV) in
potato with equivalent sensitivity and specificity to DAS-
ELISA and reduced time (Bergervoet et al. 2008). It has
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been standardized for the simultaneous detection of three
viruses (Watermelon silver mottle virus (WSMoV), Melon
yellow spot virus (MYSV), Chilli vein-banding mottle virus
(CVbMV)) along with fruit blotch bacteria (Acidovorax ave-
nae subsp. citrulli) associated with watermelon (Charlermroj
et al. 2013).

Antibody array

Array-based approaches for the immobilization of either
antibodies or oligonucleotides for capturing and in turn
detection of multiple target pathogens are a widespread
diagnostic approach. Antibody array is an attractive tech-
nology in which captured antibodies are immobilized on
the binding material followed by exposure to target samples
for antigen—antibody reaction, which can then be detected
by fluorescence, chemiluminescence or chromogenic sub-
strates. A reliable and sensitive antibody microarray was
designed for simultaneous identification of several plant
viruses (Grapevine fanleaf virus (GFLV), Arabis mosaic
virus (AtMV), Strawberry latent ringspot virus (SLRSV),
Raspberry ringspot virus (RpRSV)) infecting grapevine and
fruit crops, which was comparable to ELISA in sensitivity
and specificity (Abdullahi and Rott 2009). Another visual
antibody array was designed on nitrocellulose membrane for
simultaneous and rapid detection of ten Solanaceae infecting
pathogens, i.e., Clavibacter michiganensis subsp. michigan-
ensis, CMV, PepMYV, Tomato aspermy virus (TAV), Tomato
mosaic virus (ToMV), Tomato black ring virus (TBRV),
Tobacco ringspot virus (TRSV), Tomato ringspot virus
(ToRSV), Tobacco rattle virus (TRV) and Tomato spotted
wilt virus (TSWV) in tomato seed samples up to 3 months
stability (Xiong et al. 2013).

Lateral flow immunoassay (LFIA)

The LFIA also known as immune chromatographic assay is a
point-of-care, rapid and cheap detection procedure for detec-
tion of multiple pathogens at a time and offers a lucrative
approach for on-field, rapid and low-cost identification of
multiple infections. It overcomes the disadvantage of labor-
intensive and multistage detection of other methods. It is a
portable device in the form of a strip made of nitrocellulose
membrane imbibed with antibody conjugate at the test line
where the antigen-positive reaction takes place in a chroma-
tographic (Sajid et al. 2014). The LFIA was standardized
for simultaneous detection of several potato viruses (PVY,
PVX, PVA, PVM, PVS, PLRV) along with a bacterium
(Clavibacter michiganensis subsp. sepedonicus) called as
multiarray on a test strip (MATS) within 15 min (Safen-
kova et al. 2016). Similarly, in another attempt an alarm
LFIA was designed for the detection of five potato viruses
simultaneously (PVX, PVM, PVS, PVY and PLRV) through
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specific antibodies immobilized on the strip with sensitivity
of 10-30 ng/mL (Safenkova et al. 2018).

Nucleic acid-based methods

The use of nucleic acids such as total DNA or RNA directly
for detection of the presence of viruses in a plant host is
a common aspect of detection, quarantine and certifica-
tion owing to the sensitivity, specificity and rapidity along
with cost-effectiveness. The primers or probes are designed
against a specific region or entire genome of a specific virus
which is further used to make several copies of the same
(amplification) to make it detectable via gel electrophoresis
or naked eye through chromatographic approaches.

Molecular hybridization

Molecular hybridization methods utilize the complemen-
tarity of the nucleic acid base pairs between the target
sequences to be detected to the short labeled sequence,
i.e., the probe for complementary base pairing. Variants of
probes that can be employed are radioactive probes, non-
radioactive probes, including biotin and digoxigenin (DIG)
probes, single-stranded cDNA probes and riboprobes (Miih-
Ibach et al. 2003). The non-radioactive probes can detect the
target RNA molecules at femtomole level. A single hybridi-
zation assay can be effortlessly standardized for simultane-
ous detection of multiple viruses by mixing different DNA
or RNA probes in a sole solution (probe mix) or synthesizing
a single unique probe (polyprobe) containing partial com-
plementary sequences of DNA (DNA probes) or RNA (ribo-
probes) to the plant viruses to be detected. Probe mixtures
have been successfully used for the simultaneous detection
of viruses in many crops such as tomato, i.e., CMV, TSWV,
PVY, Tomato yellow leaf curl virus (TYLCV), Alfalfa
mosaic virus (AMV) and ToMV (Saldarelli et al. 1996);
carnation, i.e., Carnation mottle virus (CarMV), Carna-
tion vein mottle virus (CVMYV), Carnation Italian rings-
pot virus (CIRSV), Carnation ringspot virus (CRSV) and
Carnation latent virus(CLV) (Sanchez-Navarro et al. 1999);
stone fruit trees, i.e., Apple mosaic virus (ApMV), Prunus
necrotic ringspot virus (PNRSV) and Prune dwarf virus
(PDV) (Saade et al. 2000); geranium, i.e., Pelargonium line
pattern virus (PLPV) and Pelargonium flower break virus
(PFBV) (Ivars et al. 2004); and artichoke, i.e., Artichoke
latent virus (ArLV), Artichoke Italian latent virus (AILV),
Artichoke mottled crinkle virus (AMCV), CMV, Bean yel-
low mosaic virus (BYMYV), Pelargonium zonate spot virus
(PZSV), Tomato infectious chlorosis virus (TICV), TMV,
TSWYV and Turnip mosaic virus (TuMV) (Minutillo et al.
2012). Numerous reports have been published for simultane-
ous detection of several viruses in crops using polyprobes
(Pallas et al. 2018) after its first development by Herranz
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et al. 2005 and have recently been designed with the capacity
to detect 18 pathogens, including 13 and 12 viruses, five and
four viroids in grapevine and tomato, respectively (Sanchez-
Navarro et al. 2018a; Sanchez-Navarro et al. 2019). Though
nowadays PCR has been taken up as a routine diagnostic
protocol, hybridization is considered valuable technique as
it balances sensitivity with ease of use, time and cost. The
hybridization approach can play a crucial role in studying
the basis of interactions between different viral populations
infecting a host and giving insights on the phenomenon of
superinfection exclusion at the cellular level (Pallas et al.
2018).

Array-based methods

Microarray and macroarray are multipathogen diagnostic
protocols that work on the principle of hybridization by
base pairing between complementary sequences of the tar-
get and specific probes previously immobilized on an array
which is generally a microscopic slide. The two types of
arrays are distinguished on the basis of size of sample spots
wherein microarray contains spot sizes of less than 200 pm,
while macroarray contains spot sizes of 300 pm or more.
Such arrays are designed using the nucleotide sequence
data of viruses available in public databases for synthesiz-
ing oligonucleotide probes followed by their printing on the
slides allowing the simultaneous detection via colorimetric,
fluorescence or electric currents to detect the hybridization
with the target. A cDNA microarray designed using micro-
tube hybridization has been used for the detection of mixed
infection of lily viruses (CMYV, Lily mottle virus (LMoV),
Lily symptomless virus (LSV) and Plantago asiatica mosaic
virus (PAMYV)) from leaves and roots of lily bulbs (Sugiy-
amaa et al. 2008) and for the detection of 11 potato viruses
and PSTVd in potato (Agindotan and Perry 2008). A number
of microarrays have been designed for multiplex detection
of plant viruses (Palls et al. 2018). Microarrays can also
be designed for the simultaneous detection of five maize
pathogens (MaizePath microarray) including bacteria and
viruses such as MDMV and SCMV (Krawczyk et al. 2017).

Multiplex polymerase chain reaction (mPCR) and multiplex
reverse transcriptase PCR (mRT-PCR)

The mPCR and mRT-PCR are the most commonly used
assay for routine diagnosis of mixed infection in crops for
simultaneous detection of viruses in a single tube due to
their robustness, reliability and cheapness. However, the
number of targets to be detected determines the sensitivity
of this approach, as for each target a primer pair has to be
used in the cocktail. More the number of primer pairs, more
are the chances of primer dimer formation or non-specific
amplification. Though use of variants such as nested PCR

(Papayiannis et al. 2011), dual priming oligonucleotide
(DPO) primers (Kwon et al. 2014) and magnetic nanobeads
(Deng et al. 2014) leads to increased sensitivity and specific-
ity, they also contribute to increased cost. To enhance diag-
nosis sensitivity in multiplex PCR, it can be coupled with a
DNA chip method wherein biotinylated mPCR products of
target viral sequences are captured via immobilized DNA
oligonucleotide probes on a DNA biochip. Further, the sig-
nals of hybridization are detected using a streptavidin—alka-
line phosphatase (Strep—AP) conjugate by chemilumines-
cence. This combination of PCR and hybridization method
provides sensitive, specific, accurate and easy interpreta-
tion of the results as compared to conventional methods and
can be efficiently standardized for the detection of multiple
pathogens. Selvarajan et al. 2011 designed an mRT-PCR for
detection of Banana bunchy top virus (BBTV) and Banana
streak MY virus (BSMYV) simultaneously in banana sam-
ples. Multiplex RT-PCR for four viruses in garlic and for
four viruses and a fastidious greening bacterium in citrus has
been optimized in India (Majumder et al. 2014; Pramesh and
Baranwal 2014; Meena et al. 2016). Simultaneous detection
of four kiwifruit viruses (Actinidia virus 1(AcV-1), Acti-
nidia virus A (AcVA), Actinidia chlorotic ringspot-associ-
ated virus (AcCRaV) and Citrus leaf blotch virus (CLBV))
using primers designed from CP genes for amplification with
c¢DNA of dilution up to 107 (Peng et al. 2020).

Real-time PCR/quantitative PCR (qPCR)

An alternative to the conventional detection is via real-time
detection through qPCR/qRT-PCR which enables ongoing
monitoring and absolute quantification along with amplifi-
cation of the target with the aid of either fluorescent dyes
(SYBRGreen or EvaGreen) or probes (TagMan). The
real-time PCR is 1000-fold more sensitive as compared to
hybridization protocol (Boonham et al. 2014). It can be eas-
ily adapted for the detection of 2-5 viruses and is particu-
larly useful for studying mixed infections due to concurrent
quantification of the viral load of each concerned virus.
Since first detection, it has been regularly used for detection
of multiple viruses with the latest reports including real-
time quantification of two sugarcane-infecting badnaviruses
(Sugarcane bacilliform IM virus (SCBIMV) and Sugarcane
bacilliform MO virus (SCBMOV)) with 1000-fold greater
sensitivity than conventional PCR (Sun et al. 2018).

The real-time PCR can also be carried out on microar-
rays (micromatrices) for multiplex detection and analysis
in real time. It offers the advantage to time reduction due
to lyophilization of reaction mixture components in the
wells as well as thermal conductive nature of microchip
which reduces the time by 20-30 min. Such real-time
PCR-based micromatrix system has been designed for
simultaneous detection of key potato pathogens, including
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PLRYV, PVX, PVA, PVS, PVM, PMTV, PVY (PVY and
PVYNTN forms), PSTVd, and other bacteria and fungi
(Nikitin et al. 2018).

The multiplex detection via TagMan is confined to four
targets due to multiple partially overlapping fluorescent
signals due to the usage of multiple reporter and quencher
dyes in turn limiting the number of assays that can be
precisely performed in a single tube. Perhaps, true mul-
tiplex testing necessitates a number of parallel TagMan
assays leading to added cost and reduced time benefits
(Van der Vlugt et al. 2015). The Luminex approach, as
discussed earlier, involves polystyrene, array of carboxy-
lated paramagnetic beads internally dyed with generic
fluorochrome precoupled with oligonucleotide sequences
for simultaneous detection of up to 150 targets which are
PCR/RT-PCR-amplified products using specific primers
followed by target-specific primer extension (TSPE). It
is comparatively more reliable method than conventional
RT-PCR with less scope for optical error. The approach
has been adapted for the multiplex detection of begomo-
virus isolates in tomato (van Brunschot et al. 2014), three
lily viruses—Lily mottle virus (LMoV), Lily symptom-
less virus (LSV) and CMV in lily (Lim et al. 2016), and
three cucurbit-infecting viruses—Zucchini yellow mosaic
virus (ZYMV), Cucumber green mottle mosaic virus
(CGMMYV) and CMV in cucurbits (multiplex LiquiChip
assay) (Kuan et al. 2018).

A unique technique was designed by combining the
use of molecular beacons with nucleic acid sequence-
based amplification (NASBA) system for simultaneous
amplification and detection in a closed tube referred as
AmpliDet. This system was standardized for simultane-
ously detecting PLRV and PVY in seed potatoes with
sensitivity of up to 10 fg of purified RNA (Klerks et al.
2001).

Reverse transcriptase loop-mediated isothermal
amplification (RT-LAMP)

RT-LAMP is a rapid, specific, sensitive and robust detec-
tion technique also suitable for on-site diagnosis (Notomi
et al. 2000). The high specificity is the subsequent result of
usage of set of 4—6 primers. It works under isothermal con-
ditions at temperatures ranging between 60 °C and 65 °C.
Results can be interpreted via naked eye or UV light or
by observing the amplification curves using a portable
fluorometer (Fischbach et al. 2015; Lenarcic et al. 2013;
Boubourakas et al. 2009). It also has the added advantage
of multiplexing for simultaneous detection and recently
has been adapted in banana testing for detection of Banana
bunchy top virus (BBTV), Banana streak OL virus (BSV-
OL) and CMV (Zhang et al. 2018).
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Next-generation sequencing (NGS)

NGS is a highly sensitive approach having the potential to
identify the complete spectrum of viruses and virus-like
agents (including known and known ones) infecting a given
host thus enabling multiplexing in an efficient manner (Jo
et al. 2018). Metagenomics has also been proved fruit-
ful in elucidating the existing state of viruses in plants as
well as the roles different viruses play in virus—virus and
virus—host interactions. To identify mixed infection, NGS
was employed to simultaneously detect the causal agents
of a sweet potato viral disease, i.e., Sweet potato chloro-
tic stunt virus and Sweet potato feathery mottle virus using
small RNA profiling from co-infected plants. Along with
these two viruses, they could also identify the infection of
two new badnaviruses and a new mastrevirus (Kreuze et al.
2009). NGS can also be efficiently employed to determine
the etiology of a disease as used in case of declining disease
in Syrah wine grape which was considered as an emerging
disease. The results confirmed the decline to be a manifes-
tation of mixed infection that encompassed seven different
RNA genomes including four viruses and three viroids (Al
Rwahnih et al. 2009). It has also been used to identify the
causative viruses of emerging and devastating maize lethal
necrosis disease and results indicated it to be a manifesta-
tion of mixed infection of MCMV and SCMV (Adams et al.
2009). Apart from the ability to detect and identify viruses
of different families and genera, the co-infections of mul-
tiple isolates or variants of a virus can also be identified
via NGS. In apple, the NGS analysis revealed 14 definite
isolates of Apple stem pitting virus (ASPV) and five variants
of Apple chlorotic leaf spot virus (ACLSV) (James et al.
2017). The identification of isolates of a single virus may be
of grave significance due to the far greater effect on disease
symptoms and interactions than between viruses belonging
to different families. The NGS proves to be the best avail-
able approach to confirm the mixed infections of crop and
identification of viruses leading to disease symptoms in the
host provided the lacuna of cost and time can be overcome.

Conclusion and future perspectives

Each and every cultivated and wild plant is infected by
multiple viruses which may be known or unknown belong-
ing to same or different families/genera. Understanding the
ecology and epidemiology of mixed infections is an integral
aspect of plant virology to decipher the impact it poses on
the plant community. Moreover in mixed infections, due to
frequent mutations, recombination and reassortments in the
viral genome, variants and pseudo-recombinants of viruses
evolve at a quick pace which might be deadlier, making the
study of various concerned component viruses, of mixed
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infections, of paramount importance. This is where a sensi-
tive, specific and rapid diagnostic protocol, which can be
multiplexed for simultaneous detection of large number of
viruses, becomes necessary, as detection is a critical aspect
for management of plant viruses due to lack of commercially
available chemistries to destroy them. Thus, research and
resources need to be directed toward the robust, quick and
cost-effective diagnostic protocols and equipments. In mixed
infections, responses and changes can be noted on all the
interacting components, i.e., plants, viruses and vectors in
terms of gene expression and protein synthesis. An upsurge
in the gene expression and protein synthesis in plants lead
to increased energy utilization due to vigorous retort of
plants to multiple viral infections. Mixed infections alter
the immune defense in host and cause phenotypic changes
most commonly. But other changes in terms of breakdown of
resistance of cultivars and uninfected hosts possess the big-
gest threat to agriculture. Thus, elucidating the key activities
and point of interactions between plants and viruses must
be taken up.
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