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The effect of environmental factors on the efficiency of plant

virus transmission is extremely difficult to predict, because they

obviously impact concomitantly multiple steps of the complex

three-way plant–virus–vector interaction. This review

summarizes the diversity of the relationship between plants,

viruses and insect vectors, and highlights the numerous phases

of this process that can be altered by the virus in ways that can

potentially enhance its transmission success. Many of the

reported cases are often considered to be possible viral

manipulations acting through modifications of the physiology of

the host plant, indirectly reaching to the insect vector. Plants

are extremely responsive to environmental fluctuations and so

interferences with these putative viral manipulations are highly

expected. The role of environmental factors in plant virus

transmission can thus be envisaged solely in the context of this

complexity. It is only briefly evoked here because this field of

research is in its infancy and currently suffers from an

impressive lack of experimental data.
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Introduction
As opposed to animals, the immense majority of plants are

incapable to move away from any sudden or gradual change

of their environment, nor from attacks by herbivores and

pathogens. Consequently, plants have developed a large

panel of constitutive or inducible protections, defenses, or

more generally phenotypic plasticity, to confront and ac-

commodate such changes. A corollary of this fact is that

plants have also evolved a very sophisticated arsenal

of sensory/perception systems in order to monitor all

environmental periodic fluctuations and unpredictable

‘anomalies’ including abiotic and biotic stresses. This
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sophistication in plant sensory potential allows timely,

diverse and specifically adapted physiological responses

and, in some instances, their communication to neighbor

plants via volatile emission or information transfer through

soil microorganisms [1–3].

In the three-way interaction between a plant, a virus and

its insect vector, one must bear in mind that both viral

infection and vector feeding will rapidly induce dramatic

changes in plant physiology, defensive or not, and that

changes induced by viruses and vectors can either be

independent, synergistic or antagonistic. The possibility

for a virus to antagonize or assist the feeding, settling and

development of its vector on their common host is

opening the way for possible manipulations, which can

ultimately potentiate transmission [4��,5,6�].

Many plant responses to biotic and abiotic stresses are

interconnected [7]. Hence, when environmental factors

impact on plant physiology they concomitantly interfere

with plant–virus and/or plant–vector relationships and

thus with the potential mechanisms by which a virus

could manipulate both its host and its vector. The primary

scope of this review is to summarize the different modes

of vector-transmission of plant viruses [8,9], with a dedi-

cated attention to virus-induced changes in plants and

vectors that potentially increase transmission (Figure 1).

Though of obvious importance, how environmental fac-

tors can modulate these changes and interfere with virus

transmission is only briefly evoked because of the paucity

of data in the current literature.

Different modes of insect-transmission by
plant viruses
Plant viruses are transmitted by fungi, nematodes, mites,

and insects [10], but insects are the only vectors for which

sufficient knowledge is available on the complex inter-

actions reviewed in this chapter.

There are few but important distinctions in the mecha-

nisms of interaction between insect vectors and viruses of

animals versus plants [11,12]. The first one is that the

majority of animal arboviruses actually infect (and thus

replicate in) their vectors, whereas most plant viruses do

not. In fact, a minority of plant viruses, designated ‘cir-

culative propagative’ and belonging to families whose

members may infect either plants or animals (Rhabovir-
idae, Reoviridae, Bunyaviridae), replicate in their insect

vectors (Figure 2). These are thought to derive from

insect viruses that have secondarily acquired the capacity
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Steps in the virus transmission process affected by virus and/or the environment. This figure depicts all steps of a plant virus life cycle where the

virus can affect both the host plant and the insect vectors in ways that can potentially increase transmission. 1 (lower blue arrow and rectangle):

Insect vectors, here aphids, are attracted to infected plants by visual and olfactory cues. 2 (left upper green rectangle): For non-circulative viruses,

the quality of the host plant can be decreased by the infection. The insect vectors rapidly acquire the virus from superficial tissues and soon leave

in search for a healthy plant (light gray arrow 4). 3 (yellow upper rectangle): For circulative viruses, the quality of the host plant can be improved

by the infection. The insect vectors settle, feed from deep tissues, and ingest the virus. The vector population growth is accelerated, leading to

overcrowding and increased emigration in search for new host plants (dark gray arrow 4). 5 (red rectangle): This step is the journey of the

viruliferous insect vectors away from any host plant. If the vector fails to find a new host, it will die together with the viruses it carries. Viruses

could manipulate the motility or survival time of the insect vectors when away from any host. 6 (green arrow): contrary to the preference of virus-

free vectors for infected plants (1), virus-loaded vectors are sometimes better attracted by healthy plants. Environmental factors could modify this

scheme at any steps in unpredictable ways.
to replicate in and infect plants [11,13,14]. In these cases,

insect vectors can be aphids, hoppers, and thrips, and

their vector capacity and/or competence is conceptually

identical to that amply studied for arboviruses of animals,

discussed in [11,14,15].

A second marked distinction is that the ‘circulative non-

propagative’ transmission is frequent and well character-

ized in plant but not reported in animal viruses [12].

All member species of the families Luteoviridae,
Nanoviridae and Geminiviridae traverse the gut of their

respective vectors to reach the hemolymph and diffuse to

the salivary glands, with no detectable replication

(Figure 2), except perhaps for one geminivirus species

discussed in [16]. Circulative non-propagative transmis-

sion has been reported for vectors such as aphids, white-

flies, and hoppers where viruses accumulate exclusively

in gut and salivary gland cells and appear excluded from

any other organs [9,10,14]. It seems reasonable to assume

that the vector capacity/competence, despite the ab-

sence of viral replication, is affected by environmental

factors, such as temperature for instance, but limited

data are available. Some studies unequivocally demon-

strate that the efficiency of transmission of nanoviruses,
www.sciencedirect.com 
luteoviruses and geminiviruses by aphids and whiteflies

is intimately linked to temperature but the underlying

mechanisms have rarely been investigated ([17,18] and

references within). The influence of environmental  fac-

tors on the circulative non-propagative transmission is an

emerging research area further discussed in the last

section.

Finally, a third distinctive category of virus–vector rela-

tionship is the so-called non-circulative transmission.

This might be compared to the ‘mechanical’ transmission

of animal arboviruses (believed to result from non-specific

contamination of biting-insect mouthparts) [12], but in all

well studied cases of plant non-circulative viruses, a very

specific molecular interaction between unidentified

receptors located in the anterior alimentary tract of the

vectors and viral ligands has been evidenced. Despite

these specific molecular interactions, the contact between

non-circulative viruses and their insect vectors is external,

limited to the cuticle lining the vectors’ mouthparts or

foregut [9,19] (Figure 2), and thus it may be anticipated

that the virus has little opportunities to significantly

directly modify vector behavior or life history traits. A

legitimate question is thus whether it is relevant to
Current Opinion in Insect Science 2016, 16:36–43
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Figure 2

1

2

3

HC

HG 

Noncirculative
virus

Stylets 

MG
FG 

Salivary
glands

Circulative virus

Common food/
salivary canal

Acquisition time Inoculations time

Non-circulative-virus

Circulative virus

Seconds to minutes 

hours to days  indefinite  hours to days 

Current Opinion in Insect Science 

Different modes of vector-transmission of plant viruses. Emblematic vectors of plant viruses are aphids (represented here). Other sap-feeding

insects have similar relationships with the virus they transmit and the different transmission modes depicted here apply to all insect vectors. Gut

and salivary glands are represented in blue and brown, respectively. The green hexagons represent circulative viruses following a route from mid-

or hind-gut to salivary glands through the hemolymph (white arrows). During this cycle in the vector body, non-propagative viruses accumulate

solely in gut and salivary gland cells and do not replicate, whereas propagative viruses replicate and may also colonize other organs. Depending

on the virus and vector species, the retention sites of non-circulative viruses (red hexagons) are located either at the tip of the stylets (non-

persistent viruses) or further up on the cuticle lining the lumen of the foregut (semi-persistent viruses). The common food and salivary canal is

enlarged in the inset at the tip of the aphid maxillary stylets. Non-circulative viruses (detailed as icosahedral or filamentous particles) are retained

on putative receptors at the surface of the cuticle, either directly or with the intermediate of a virus-encoded ‘helper component’ (blue molecular

link). The acquisition (blue arrows), retention (dotted gray lines) and inoculation (orange arrows) time are short (few minutes to hours) for non-

circulative viruses and long (hours to days) for circulative viruses. Adapted from [9]. FG: foregut, MG: midgut, HG: hindgut.
investigate the role of environmental factors on the effi-

ciency of such rapidly reversible external interactions.

The answer is clearly yes. Indeed, just as for circulative

viruses, non-circulative ones can induce changes in the

plant, which in turn modify the plant–insect interaction in

ways that could potentially affect transmission, and envi-

ronmental factors could alter this process.

Virus-induced changes in plants and insects
altering the efficiency of transmission
All virus-induced changes in the behavior and life history

traits of insect vectors can potentially facilitate or impede

transmission (Figure 1). Because transmission is a key

component of virus fitness, any heritable viral phenotype

affecting the success of transmission is submitted to

selection. There is a variety of ways whereby virus

vector-transmission can be optimized, some of which

have often been interpreted as manipulative ‘behaviors’

[4��,6�,20–22] and are described below, with emphasis on
Current Opinion in Insect Science 2016, 16:36–43 
most recent contributions and remaining major gaps in

this field of investigation.

Increased attractiveness of infected host plants to

vectors

The very first requirement for virus transmission by an

insect vector is that the two actually come into contact.

Hence, attracting insect vectors on infected plants would

benefit the virus. It has long been evidenced that visual

cues such as shape and color affect the choice of plant

hosts by sap-feeding insects [23]. Interestingly, a large

proportion of virus-related symptoms include a change of

leaf color, mostly to light green or yellow colors [24] that

appear to be preferred by aphids [25,26] and whiteflies

[27].

A growing body of evidence is demonstrating that, be-

yond visual cues, volatiles emitted by infected plants are

of major importance in attracting insect vectors. This has

been clearly demonstrated in a number of cases reviewed
www.sciencedirect.com
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in [23]. An emblematic illustration is Cucumber mosaic

virus (CMV)-infected squash plants that emit a similar

volatile blend as healthy plants but in greater amount

[28�]. Another series of very interesting studies suggested

that viruses can further modify the odor-related host-

choice of their insect vectors, not only by changing the

plant odor, but also by changing the perception and

response of the insect vector [21,29��]. Aphids of the

species Rhopalosiphum padi reared on healthy wheat

plants prefer to settle on new plants infected by the

luteovirus Barley yellow dwarf virus (a BYDV-PAV iso-

late). In contrast, when individuals of the same aphid

species are reared on BYDV-infected plants, their choice

is reversed and they preferentially settle on healthy ones.

Remarkably, the same change of aphid choice for infected

to healthy wheat plants has been reported when they are

previously fed on artificial diet added with purified BYDV

particles [29��]. This result indicates that the virus circu-

lating within the aphid body directly alters its preference

for healthy or infected host plants, although BYDV is a

luteovirus and does not replicate within aphids. While the

preference of aphids for infected or non-infected plants is

based on their different volatile emission [30–32], the

mechanisms underlying the reversion of this choice in

viruliferous aphids are not yet elucidated. The obvious

consequence appears profitable to virus transmission

since non-viruliferous aphids tend to get the virus on

infected plants, whereas viruliferous ones tend to dissem-

inate it to healthy ones [33]. Recent publications reported

similar observations not only in other plant–aphid–luteo-

virus systems [32], but also in the case of Tomato yellow

leaf curl virus (TYLCV, Geminiviridae) transmitted by

whiteflies [34].

Altered feeding behavior of insect vectors favoring viral

transmission

Animal arboviruses have been reported in several

instances to modify the feeding behavior of their arthro-

pod vectors. In the majority of the described cases, viral

infection compromises the blood-engorgement process

and thus induces repeated biting, a phenomenon that

increases contacts between vectors and hosts and suppos-

edly increases viral transmission (reviewed in [4��]). The

feeding process of sap- or more generally plant-feeding

insect has been described in much detail, thanks to the

electrical penetration graph (EPG) technology. The suc-

cessive feeding phases and their specific association with

both the acquisition and inoculation of circulative and

non-circulative plant viruses are thoroughly characterized

[35]. It is surprising to note, however, that modification of

EPG-monitored feeding behaviors on infected plants in

ways that would possibly increase the acquisition/inocu-

lation of the virus have seldom been reported [36�,37,38].

A compelling case is that of the thrips Frankliniella
occidentalis infected with the circulative–propagative To-

mato spotted wilt virus (TSWV, family Bunyaviridae). In

this system, TSWV is acquired by larvae and inoculated
www.sciencedirect.com 
by adults. Through unknown mechanisms, the virus

within the adult male thrips directly induces numerous

non-destructive probing punctures, during which there is

no ingestion of plant material but intense salivation,

which can efficiently inoculate the virus into newly colo-

nized healthy plants and thus potentially increase trans-

mission [39].

Changing plants into a better host for insect vectors

Once insect vectors have alighted on an infected plant

they probe, evaluate the quality of the host, and then

chose to stay or leave. Depending on the type of virus–
vector relationship, virus transmission could benefit from

either of these vector choices. Circulative viruses (wheth-

er propagative or not) require a long feeding period for

both acquisition and inoculation (Figure 2), most often

from deep phloem tissues [14], and may thus be better

acquired and transmitted if their vectors decide to stay on

the infected plant. On the opposite, non-circulative vi-

ruses are often acquired and inoculated within a few

minutes from or in superficial plant tissues, and retained

infectious in their vector’s mouthparts for a very limited

time (Figure 2) [9]. Their transmission may thus be better

ensured by vectors rapidly aborting their feeding on

infected plants and deciding to leave immediately in

search for healthy ones.

There is a general trend for plant viruses to increase the

quality of the host plants for their respective vectors.

Consistent with the above considerations, however, some

nuances have been demonstrated and discussed [6�].
Conferring increased fecundity, longevity and shorter

development time to insect vectors has been repeatedly

reported for tospoviruses, luteoviruses and geminiviruses,

respectively transmitted by thrips, aphids and whiteflies

(reviewed in [23]). These viruses are all circulative viruses

and their positive impact on the vector fitness can operate

either directly inside the insect or indirectly through

changes in the plant physiology: down regulation of

defense pathways, reduced callose deposition, altered

amino acid content of the sap [40–43]. The faster growth

of vector populations on individual infected plants can

potentially increase vector density in the environment,

enhance transmission opportunities for all viruses trans-

mitted by the corresponding vector species, and thus have

strong ecological impacts on the connected species com-

munity [40,44,45]. In contrast, the effect on vector growth

related to infection of host plants by non-circulative

viruses is much less clear. Under the assumption that

viruses can manipulate the interaction between plant

hosts and insect vectors, plants infected by non-circula-

tive viruses should rapidly deter vectors and force emi-

gration onto neighbor healthy plants. This has been very

well described for CMV (isolate KCPG2)-infected

squash, deterring aphid vectors of the species Myzus
persicae and Aphis gossypii at early stages of the feeding

process, favoring rapid dispersion of viruliferous aphids
Current Opinion in Insect Science 2016, 16:36–43



40 Vectors and medical and veterinary entomology
and thus virus transmission [28�,46]. However, counter

examples are also described: CMV (P1 isolate)-infected

pepper has a neutral effect on the same aphid species [47],

highlighting the importance of plant genotype � virus

isolate � aphid species or biotypes interactions. More

surprising, Turnip mosaic potyvirus (TuMV) is favoring

the settlement and increasing the fecundity of the aphid

vector M. persicae on infected host plants [43,48]. In this

latter case, despite a possible long-term effect on the

increase of the density of the population of aphid vectors

in the field, it is hard to conclude on an immediate benefit

for non-circulative TuMV transmission (but see discus-

sion in [48]).

Increased emigration of viruliferous vectors from

infected plants

It has long been established that overcrowding of aphid

and other hemipteran insect populations on host plants

increases the production of winged individuals. Viruses

infecting plants often increase the proportion of winged

aphids either ‘spontaneously’ or indirectly because of the

overcrowding resulting from enhanced growth discussed

in the previous section [49]. These observations may be

interpreted as a virus manipulation of the vector pheno-

type that increases emigration from the infected plants

and thus long distance viral dispersal ([50], and discussion

and reference cited in [29��,35]).

It is conceivable that viruses, once fully installed in their

insect vectors, may induce a migratory behavior, depend-

ing or not on the density of the population on a given host

plant [51]. Circulative viruses may do it through direct

interaction with the insect vector while accumulating in

its body or through the alteration of plant quality, whereas

non-circulative viruses could only do it by acting on plant

quality. As far as we are aware, the emigration rate of

vectors from healthy plants and from plants infected with

a circulative virus have never been directly quantified and

formally compared. Likewise, whether virus-induced

enhanced emigration of these vectors could occur inde-

pendently of overcrowding is unknown. In contrast, for

non-circulative viruses, the case of CMV already men-

tioned in previous sections appears as an excellent illus-

tration of this phenomenon. In what has recently been

named a pull–push strategy [37], CMV-infected squash

plants attract aphid vectors through enhanced volatile

emission [28�], and deter and force them away from

the infected plant as soon as they have acquired the virus

and distasted some chemical compounds produced pref-

erentially in infected plants [46].

Conferring ‘super power’ to vectors when away from any

host plant

The previous sections comment on the investigated and/or

predicted targets for possible manipulation by viruses in

order to increase their transmission success: vector attrac-

tion, feeding behavior, growth, deterring, and emigration.
Current Opinion in Insect Science 2016, 16:36–43 
The available literature, however, reveals an important gap

that is indicated by the red rectangle and interrogation

mark in Figure 1. One crucial but overlooked consideration

is that, in order to efficiently transmit, viruliferous insect

vectors must travel for variable length of time and distances

away from any host plant. There are several ecological

configurations where this situation can be critical: (i) when

plants are rare and scattered in large areas, (ii) when host

plants are intimately mixed with a very dense population of

non-host plant species, or (iii) when insect vectors are

blown away, in high atmospheric streams that have been

reported to promote viral dispersion over huge distances

(long range dispersal is discussed in [35,52]). In all these

cases, the exploratory behavior and motility of the insect

vectors, but most of all their capacity to survive away from

host plants, are traits of prime importance for the virus: if

the insect vector dies before finding the next host, the virus

also dies. Whatever the environmental conditions and the

structure of the landscape, the capacity of a vector to

efficiently find the next host is crucial and might be

‘improved’ when a virus is present. This yet ignored aspect

deserves more attention as a possible target for virus

manipulation, particularly for circulative viruses.

Concluding remarks
To summarize, the multiple physiological changes in-

duced by viruses, either in host plants and/or in insect

vectors, modify the interactions in ways that often have

the potential to increase transmission. Nevertheless,

whether these changes are adaptive viral traits and repre-

sent true cases of host and vector manipulation is hard to

confirm for two reasons. The first is the frequent report of

counter examples where viral infection induces no

changes in vector life history traits ([47] and compare

[34,38,41,53]), or changes with less evident potential to

increase transmission (compare [28�,48,54]). On the one

hand, these counter examples could indicate that some

virus-induced changes are unrelated to manipulation, but

rather incidentally benefit transmission or not. On the

other hand, a different interpretation could be that true

manipulation requires tight virus–host–vector co-evolu-

tion, and would thus be effective solely in very specific

plant–virus–vector species associations [47]. It is highly

likely that the literature contains all possible situations:

true manipulation of host plants and insect vectors by the

virus, cases of maladapted plant–virus–vector biological

systems, and also cases of virus-induced changes unrelat-

ed to the manipulation of transmission but eventually and

incidentally impacting it. On top of this blurred picture,

there is another layer of possible confusion, related to the

fact that some manipulations could align the interests of

both viruses and vectors (i.e. increasing survival of viru-

liferous vectors when traveling away from host plants),

whereas other may oppose them (virus attracting aphids

to lower quality host plants, or reducing vector fitness in

any way). The latter situation may induce partial resis-

tance to manipulation (PRM) or bypass to manipulation
www.sciencedirect.com
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(BPM). These concepts have recently been developed in

the context of host manipulation by parasites [22]. They

can lead to host responses that render manipulation by

parasites even more elusive and they should be carefully

considered when investigating vector manipulation.

In any case, whether adaptive or not, virus-induced

changes with a high potential to facilitate transmission

and to impact the epidemiology of the corresponding

diseases do exist. Because they are related both to plant

and vector physiology, multiple and very diverse envi-

ronmental factors can interfere with these processes. Such

factors can be biotic factors as for example unrelated

pathogens also eliciting plant defenses and altering plant

quality [55,56], or insect predators and parasites affecting

the dispersal of insect vectors [57,58]. Most importantly,

however, abiotic stresses are perfectly known to elicit

sensing, transduction and effectors of defense pathways

in ways at least partially redundant with those elicited by

viruses and insect vectors [7]. It is clear that water

deprivation, temperature and CO2 increase will impact

the plant–virus–vector relationship and so the epidemi-

ology of related diseases, but this field of research is in its

infancy and is thus far illustrated by very few examples.

Wheat plants are ‘protected’ from extreme drought when

infected by BYDV-PAV, and the fitness of the aphid

vector R. padi is further favored in these conditions,

evoking a possible increased transmission (which was

not tested in these studies) under conditions of strong

water deprivation [59,60�]. In situations of elevated CO2,

the green biomass of pepper plants was increased, but the

population growth of the aphid vector M. persicae was

hampered. Surprisingly enough, limited changes were

noted in the feeding behavior of the aphids in these

conditions and the transmission of CMV was reduced

for unidentified reasons [36�]. These two examples illus-

trate and confirm the evident impact of the environment

on the plant–insect–virus three-way interactions. They

also demonstrate the unpredictability of this impact,

which thus stands as a major challenge and research

horizon for the epidemiology of vector-borne diseases

in the context of the forthcoming global changes.
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