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a b s t r a c t

Plant virus infection can alter the suitability of host plants for their aphid vectors. Most reports indicate
that virus-infected plants are superior hosts for vectors compared to virus-free plants with respect to vec-
tor growth rates, fecundity and longevity. Some aphid vectors respond preferentially to virus-infected
plants compared to virus-free ones, while others avoid infected plants that are inferior hosts. Thus, it
appears vectors can exploit changes in host plant quality associated with viral infection. Enhanced vector
performance and preference for virus-infected plants might also be advantageous for viruses by pro-
moting their spread and possibly enhancing their fitness. Our research has focused on two of the most
important luteoviruses that infect wheat (Barley yellow dwarf virus), or potato (Potato leafroll virus), and
their respective aphid vectors, the bird-cherry oat aphid, Rhopalosiphum padi, and the green peach aphid,
Myzus persicae. The work has demonstrated that virus infection of host plants enhances the life history of
vectors. Additionally, it has shown that virus infection alters the concentration and relative composition
of volatile organic compounds in host plants, that apterae of each vector species settle preferentially on
virus-infected plants, and that such responses are mediated by volatile organic compounds. The find-
ings also indicate that plants respond heterogeneously to viral infection and as a result different plant
parts change in attractiveness to vectors during infection and vector responses to virus-infected plants
are dynamic. Such dynamic responses could enhance or reduce the probability of virus acquisition by
individual aphids searching among plants. Finally, our work indicates that compared to non-viruliferous
aphids, viruliferous ones are less or not responsive to virus-induced host plant volatiles. Changes in vector
responsiveness to plants after vectors acquire virus could impact virus epidemiology by influencing virus
spread. The potential implications of these findings for virus ecology and epidemiology are discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Insect-vectored plant viruses constrain crop production world-
wide and seriously affect many important crops in the USA. Many
of the most devastating viruses of crop plants around the world
are vectored, often obligately, by insects. In such cases, the host
plant, vector and virus become interdependent components of a
complex pathosystem (Irwin and Thresh, 1990). The behavior of
such pathosystems depends upon virus–plant, plant–vector, and
virus–vector interactions. These interactions are biologically intri-
cate and not always well understood, but once elucidated, provide
scope for innovative management strategies aimed at reducing
the impact of virus disease. In addition, studies of such inter-
actions are important as the potentially complex ecological and
evolutionary relationships amongst the three components in these
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pathosystems are likely to provide additional opportunities for
basic discoveries with long-term potential for improving virus dis-
ease management (Jones, 2004; Lovisolo et al., 2003).

Current management tactics for aphid-vectored viruses target
vector–plant interactions, relying in large part on monitoring and
suppressing the vectors, thus reducing the frequency and sever-
ity of virus outbreaks (Perring et al., 1999). Although molecular
and conventional breeding projects are pursuing virus resistance
in many crops (McGrath et al., 1997; Barker and Waterhouse,
1999; Bosque-Pérez, 2000; Sivamani et al., 2002; Elomaa et al.,
2008), the resulting varieties will not be grown universally and
most will not have immunity to viruses, necessitating continu-
ing vector management in the foreseeable future (Jones, 2004).
Improved understanding of vector behavior can provide oppor-
tunities for innovative management. In particular, possible vector
discrimination among host plants based on host infection status is
understudied, despite the influence this could have on virus epi-
demiology (Irwin and Thresh, 1990).

Plant virus infection can alter the suitability of host plants
for aphid vectors. Most published literature indicate that virus-
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infected plants are superior to virus-free plants with respect to
vector growth rates, reproduction and longevity (Kennedy, 1951;
Baker, 1960; Maramorosch and Jensen, 1963; Miller and Coon,
1964; Gildow, 1980; Hodgson, 1981; Gildow, 1983; Araya and
Foster, 1987; Fereres et al., 1989; Gildow, 1989; Costa et al., 1991;
Quiroz et al., 1991; Castle and Berger, 1993; Blua et al., 1994; Fereres
et al., 1999; Jiménez-Martínez et al., 2004a; Srinivasan et al., 2008),
but opposite effects also occur (McIntyre et al., 1981; Ellsbury et al.,
1985; Michels et al., 1994; Donaldson and Gratton, 2007; Jiménez-
Martínez and Bosque-Pérez, 2009). Some aphid vectors respond
preferentially to virus-infected plants compared to virus-free ones
(Macias and Mink, 1969; Ajayi and Dewar, 1983; Eckel and Lampert,
1996; Castle et al., 1998; Jiménez-Martínez et al., 2004b; Srinivasan
et al., 2006), while other vectors are deterred by infected plants that
are inferior hosts (Blua and Perring, 1992). Thus, natural selection
has apparently shaped vector behavior in response to virus-induced
changes in host plant quality. Indeed, apparently adaptive vector
responses seem to occur predominantly in pathosystems in which
aphids and vectors are closely linked (Eigenbrode et al., 2002). Most
examples of a coupling of enhanced vector performance and prefer-
ence for virus-infected hosts occur in the persistently transmitted
viruses of the Luteoviridae, whereas such effects have never been
reported for non-persistently transmitted species of Potyviridae
(Markkula and Laurema, 1964; Castle and Berger, 1993; Castle et al.,
1998; Eigenbrode et al., 2002; Jiménez-Martínez and Bosque-Pérez,
2004; Donaldson and Gratton, 2007; Hodge and Powell, 2008). If
enhanced vector performance on, and preference for, virus-infected
plants promotes the spread of the virus, then virus and vector
are potentially linked in a mutualistic interaction. The possibility
has prompted speculation that some viral disease symptoms can
be considered as mechanisms whereby the virus manipulates the
vector via the shared host plant, thereby enhancing virus fitness
(Blua and Perring, 1992; McElhany et al., 1995; Musser et al., 2003;
Belliure et al., 2005, 2008; Hodge and Powell, 2008). Regardless of
how these interactions between virus, plant, and vector have arisen,
their existence presents an opportunity to discover mechanisms
and disrupt them through deliberate manipulation to improve viral
disease and vector management and thus have stimulated research
by our and other research groups.

Our research has focused on two of the most important
luteoviruses that infect wheat [Barley yellow dwarf virus (BYDV)
(Luteoviridae: genus Luteovirus)], or potato [Potato leafroll virus
(PLRV) (Luteoviridae: genus Polerovirus)], and their respective aphid
vectors, the bird-cherry oat aphid, Rhopalosiphum padi (L.), and the
green peach aphid, Myzus persicae (Sulzer). In addition to being
a major staple food crop, wheat is a mainstay of agriculture in
the USA and many countries around the world. BYDV causes the
most widespread and economically important virus disease of cere-
als, including wheat, worldwide (Plumb, 1983; Irwin and Thresh,
1990). The BYDV disease causes stunting and reduces root growth,
flowering, and plant vigor, resulting in reductions of grain yield and
quality and making plants more vulnerable to other stresses (Irwin
and Thresh, 1990; McKirdy et al., 2002). The causal virus is vec-
tored by several aphid species and the specificity of these species
varies with virus serotype (Irwin and Thresh, 1990). The serotype
known as BYDV-PAV is vectored most efficiently by R. padi. BYDV
disease management is mostly limited to methods that reduce virus
transmission by aphids.

PLRV causes one of the most serious viral diseases of potato
worldwide and is transmitted by several aphid species, most impor-
tantly M. persicae (Syller, 1996). PLRV is a major problem in potato
production in the USA (Mowry et al., 2001; Alvarez et al., 2003).
Severe PLRV infection can cause yield reductions of up to 40–70%,
but tuber quality defects due to speckling or netting of infected
tuber tissues (“net necrosis syndrome”) are more commonly the
cause of economic loss (Banttari et al., 1993). Potatoes intended for

the fresh packing or processing industry are permitted to have a
maximum of 5% stem-end discoloration of any kind, making any
enhancement of this from net necrosis unacceptable (Nolte et al.,
2000). Management of leafroll disease in potato is complicated
because infected ‘seed’ tubers provide the primary source for subse-
quent spread of the virus by aphids. Consequently, aphid manage-
ment is crucial, especially in ‘seed’ tuber potato production, and it
is currently the main tactic for addressing PLRV problems in potato
(Marsh et al., 1998, 2000; Mowry et al., 2001; Alvarez et al., 2003).

Preferential colonization of virus-infected plants by aphids has
been attributed to the yellowing of infected tissues, which become
more visually attractive to aphids (Macias and Mink, 1969; Ajayi
and Dewar, 1983; Eckel and Lampert, 1996). Such preferences
may involve aphid behavioral responses to virus-induced changes
in plant quality such as amino acid content of phloem tissues
(Markkula and Laurema, 1964; Ajayi, 1986; Blua et al., 1994), or
soluble carbohydrate content in leaves (Jensen, 1972; Fereres et al.,
1990). The effects of volatile organic compounds (VOC) produced
by virus-infected plants on aphid vectors has been much less exam-
ined, despite evidence that VOC affect aphid host selection behavior
(Nottingham et al., 1991; Pickett et al., 1992a; Pettersson et al.,
1996; Visser et al., 1996) and that pathogen infection induces VOC
production by plants (Preston et al., 1999; Cardoza et al., 2002). To
fill some of these knowledge gaps, our work has focused on elu-
cidating the responses of aphid vectors to virus-induced volatiles
in plants using two luteovirus pathosystems as models. The main
findings from our long-term studies are highlighted in this paper
and published in detail elsewhere.

2. Studies on luteoviruses: key findings from model
pathosystems

Several key findings have emerged from this research.

(1) The aphid vectors R. padi and M. persicae develop more rapidly,
produce more offspring, or both, on their respective virus-
infected hosts (Jiménez-Martínez et al., 2004a; Srinivasan
et al., 2008).

(2) Apterae of each vector species settle preferentially on virus-
infected host plants, and this discrimination occurs in
darkness in the absence of visual cues (Eigenbrode et al., 2002;
Jiménez-Martínez et al., 2004b).

(3) This discrimination by apterae occurs even when aphids are
prevented from contacting the leaf surface, demonstrating
they are attracted or arrested by VOC in the vicinity of infected
hosts (Jiménez-Martínez et al., 2004b; Srinivasan et al., 2006;
Medina-Ortega et al., 2009).

(4) The VOC profile in the headspace of virus-infected plants
differs substantially in overall concentration and relative com-
position compared to virus-free plants (Eigenbrode et al.,
2002; Jiménez-Martínez et al., 2004b; Srinivasan et al., 2006;
Ngumbi et al., 2007; Werner et al., 2009).

(5) Some of the virus-induced volatiles (VIV) (those produced in
higher concentrations by infected potato plants) are electro-
physiologically and behaviorally active for M. persicae, but a
blend of VIV is required to elicit aphid responses (Ngumbi
et al., 2007, and unpublished).

(6) Individual VOC and blends that mimic the VIV in headspace
of BYDV-infected wheat plants elicit a response by R. padi
(Medina-Ortega et al., 2009).

(7) As disease progresses in each of these crop plants, aphid
responses to virus-infected versus virus-free plants shift, with
stronger arrestment or attraction occurring during intermedi-
ate (Werner et al., 2009) or later stages of infection (Medina
Ortega, 2005).
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(8) Headspace VOC profiles change during PLRV disease progres-
sion, likely accounting for the dynamic response of the aphids
during disease progression (Werner et al., 2009).

(9) While nonviruliferous R. padi apterae respond preferentially
to virus-infected wheat, viruliferous apterae do not (Medina-
Ortega et al., 2009).

(10) Viruliferous M. persicae are less responsive to host VOC than
nonviruliferous M. persicae (Werner, 2006, and unpublished).

Utilizing comparative studies with a BYDV-susceptible wheat
genotype and a moderately virus-resistant transgenic wheat geno-
type that expresses the coat protein gene of the BYDV-PAV
serotype, we have demonstrated that:

(11) Unlike for non-transgenic wheat, R. padi apterae do not
respond preferentially to BYDV-infected transgenic compared
to virus-free transgenic wheat plants (Jiménez-Martínez et al.,
2004b; Medina-Ortega et al., 2009).

(12) The concentrations of VOC in BYDV-infected transgenic wheat
plants are similar to those in virus-free ones (Jiménez-
Martínez et al., 2004b), indicating that transgenic virus
resistance in wheat can indirectly influence the production
of VOC (Jiménez-Martínez et al., 2004b) and make plants less
attractive to R. padi (Medina-Ortega et al., 2009).

3. Ecological and epidemiological implications and future
research

While virus-infected plants have been shown to affect aphid
vector behavior (Macias and Mink, 1969; Ajayi and Dewar, 1983;
Blua and Perring, 1992; Eckel and Lampert, 1996, and other ref-
erences cited above), our finding of the role of virus-induced
plant volatiles in the PLRV-potato-M. persicae and BYDV-wheat-
R. padi pathosystems (Eigenbrode et al., 2002; Jiménez-Martínez
et al., 2004b; Ngumbi et al., 2007; Medina-Ortega et al., 2009;
Werner et al., 2009) opens a new means of understanding host
plant–virus–vector relationships. Discovering the mechanisms
mediating such interactions is fundamental to understanding vec-
tor ecology and vector–virus co-evolution, and may serve as a basis
for manipulating vectors to limit virus spread in crops. Clearly, the
use of only one control practice is unlikely to keep crops virus-free
and a combination of preventive and control measures should be
employed to reduce economic losses (Heathcote, 1973; Perring et
al., 1999).

As noted previously, enhanced vector reproduction on plants
infected with persistently transmitted viruses coupled with attrac-
tiveness of these plants to vectors suggests a syndrome that may
act to enhance virus spread within a host population. Models of
the spread of plant pathogens that incorporate different vector
responses to virus-infected and virus-free plants, however, suggest
that orientation toward, or attraction to infected plants does not
necessarily increase virus spread under most conditions (McElhany
et al., 1995; Sisterson, 2008). Additional studies are required to
understand the implications of these effects for virus ecology and
epidemiology and disease management.

Our work (Werner et al., 2009) and that of others (Alvarez et al.,
2007) has shown that VIV production differs within the plant in
the PLRV-potato-M. persicae pathosystem. This within-plant het-
erogeneity may be related to the spatial and temporal dynamics of
virus titer within the infected plant or to the relative importance of
localized versus systemic responses of the plant to virus infection.
The effect of this within-plant heterogeneity on aphid behavior may
have implications for local spread of viruses. For example, if aphid
responses and virus titer differ among plant parts, this could influ-
ence virus acquisition by individual aphids foraging within plants.

The focus of the work we have conducted thus far, has been
on aphid responses to individual leaflets or leaves of plants with
different infection status. These responses suggest but do not
demonstrate that interplant movement rates will depend upon the
infection status of plants. There is a need to study the responses
of aphids to intact plants under greenhouse and field condi-
tions that are more representative of grower’s fields. In the field,
between-plant movement by apterae is important for virus spread
in both pathosystems (Hanafi et al., 1989; Irwin and Thresh, 1990;
Badenhausser, 1994; Gourmet et al., 1994; Bailey et al., 1995; Syller,
1996; Thomas et al., 1997; Williams et al., 1998; Thackray et al.,
2009). Moreover, movement of alatae also is important for gen-
erating new foci within fields and for the colonization of new
fields (Irwin and Thresh, 1990). In potato, the principal source of
PLRV inoculum is infected ‘seed’ tubers (Mowry, 2001) but immi-
grating infectious alatae also contribute to primary and secondary
spread within fields. Primary infection foci for BYDV in wheat
must be initiated by viruliferous immigrant aphids because the
luteoviruses are not seed-borne (Irwin and Thresh, 1990; D’Arcy
et al., 2002). Alatae and apterae that have been studied have similar
responses to plant odors (Pickett et al., 1992b), but even different
forms (gynoparae and virginoparae) can possess different olfactory
peripheral sensitivity (Park et al., 2000) and may respond differ-
ently to VIV. The effects we have observed so far with apterae occur
at close range (several cm). Settling by alatae can be influenced by
close-range cues, including VOC such as short-chain fatty acids and
sesquiterpenes that could be perceived by olfaction (Phelan and
Miller, 1982). Alatae may also use olfaction for longer-range ori-
entation during host finding (Nottingham et al., 1991) and so are
theoretically capable of discriminating between virus-infected and
virus-free plants at a distance. Preferential flight by aphids to BYDV-
infected plants in a flight tunnel has been reported in an experiment
that could not have excluded a role of VOC in the aphid response
(Ajayi and Dewar, 1983). Thus, additional studies are required to
clarify the role of VOC in influencing behavior of alates of both
vector species.

Our work (Werner, 2006; Medina-Ortega et al., 2009) indicates
that viruliferous aphids are somehow altered compared with non-
viruliferous aphids in their responsiveness to host plant volatiles,
or other plant attributes. For example, M. persicae reared continu-
ously on P. floridana infected with PLRV was less likely to emigrate
from the vicinity of potato leaflets, or controls, than were non-
viruliferous aphids, although relative responses were similar. In
contrast, when allowed only a 2-day acquisition access period on
P. floridana viruliferous and nonviruliferous aphids behaved sim-
ilarly (Werner, 2006). Changes in vector responsiveness to plants
after these vectors acquire the virus would have potentially large
effects on virus spread. Since this possibility has not been consid-
ered previously, models of virus spread as influenced by vector
behavior have not included such effects (McElhany et al., 1995;
Sisterson, 2008). Nonetheless, direct effects of plant viral pathogens
on vector behavior could be important (as discussed but not mod-
eled by McElhany et al., 1995). For example, if vectors are attracted
to infected hosts only until virus acquisition occurs, this shift in
aphid preference could accelerate virus spread (Medina-Ortega
et al., 2009). Indeed, direct effects on behavior of vectors or inter-
mediate hosts seem to be important in transmission dynamics of
other types of pathogens and parasites (Poulin, 2000; Lèfevre and
Thomas, 2008). Additional comparative studies between virulifer-
ous and nonviruliferous aphids are on-going in our laboratories to
further enhance our understanding of vector–plant–virus interac-
tions.

Changes in aphid responses to infected plants after virus acqui-
sition, variation in VIV emission and aphid responses among parts
within plants, and changes in aphid responses to plants throughout
the entire period of disease progress, potentially strongly influ-
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ence how VIV contribute to spread of persistently transmitted plant
viruses. Until these particulars are known, the role of VIV in spread
of such viruses cannot be fully understood. As an illustration of the
potential complexity, studies with non-persistently transmitted
Cucumber mosaic virus (CMV) (Bromoviridae: genus Cucumovirus),
infecting squash plants (Cucurbita pepo L.) have shown that aphids
are initially attracted to VIV from CMV-infected plants, but subse-
quently disperse to colonize virus-free plants preferentially (Mauck
et al., 2010). Since CMV can be acquired within a few seconds by
a probing aphid, these behaviors can act to enhance the spread
of this virus. A combination of more comprehensive behavioral
bioassays, mesocosm experiments and modeling are required to
elucidate these complex interactions.

In addition to the applied implications of our research, the
fundamental discovery that VOC can mediate plant–virus–vector
interactions contributes to a growing understanding of how
responses by plants to biotic stresses can influence their ecology
(Karban and Baldwin, 1997; Bleé, 1998; Hutcheson, 1998; Rhodes
et al., 1999; Shinozaki and Yamaguchi-Shinozaki, 1999; Ryan, 2000;
Walling, 2000; Kessler and Baldwin, 2002; Kessler and Halitschke,
2007). Furthermore, our finding that transgenic virus resistance
in wheat can indirectly influence VOC production and alter vec-
tor responses to such plants opens new opportunities for the study
of transgenic approaches to disease and vector management.
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Summary

1. Vector-borne pathogens and parasites can induce changes in the phenotypes of their hosts

that influence the frequency and nature of host–vector interactions and hence transmission, as

documented by both empirical and theoretical studies. To the extent that implications for trans-

mission play a significant role in shaping the evolution of parasite effects on host phenotypes, we

may hypothesize that parasites exhibiting similar transmission mechanisms – and thus profiting

from similar patterns of interaction among hosts and vectors – will have correspondingly similar

effects on relevant host traits. Here, we explore this hypothesis through a survey and synthesis of

literature on interactions among plant viruses, their hosts, and insect vectors.

2. Insect-vectored plant viruses that differ in their modes of transmission benefit from different

patterns of interaction among host plants and vectors. The transmission of persistently trans-

mitted (PT) viruses requires that vectors feed on an infected host for a sustained period to

acquire and circulate (and sometimes replicate) virions, then disperse to a new, healthy host.

In contrast, non-persistently transmitted (NPT) viruses are effectively transmitted when vectors

briefly probe infected hosts, acquiring virions, then rapidly disperse.

3. Based on these observations, and empirical evidence from our previous work, we hypothe-

sized that PT and NPT viruses will exhibit different effects on aspects of host phenotypes that

mediate vector attraction to, arrestment on and dispersal from infected plants. Specifically, we

predicted that both PT and NPT viruses would tend to enhance vector attraction to infected

hosts, but that they would have contrasting effects on vector settling and feeding preferences and

on vector performance, with PT viruses tending to improve host quality for vectors and promote

long-term feeding and NPT viruses tending to reduce plant quality and promote rapid dispersal.

4. We evaluated these hypotheses through an analysis of existing literature and found patterns

broadly consistent with our expectations. This literature synthesis, together with evidence from

other disease systems, suggests that transmission mechanisms may indeed be an important fac-

tor influencing the manipulative strategies of vector-borne pathogens, with significant implica-

tions for managing viral diseases in agriculture and understanding their impacts on natural

plant communities.

Key-words: acquisition access period, adaptive manipulation, aphids, non-persistently trans-

mitted virus, persistently transmitted virus, plant volatiles, thrips, vector behaviour, vector

performance, whiteflies

Introduction

Vector-borne pathogens and other parasites often alter the

traits of their hosts in ways that influence the frequency

and nature of interactions between hosts and vectors (Roy

& Raguso 1997; Ebbert & Nault 2001; Eigenbrode et al.

2002; Hurd 2003; Maris et al. 2004; Belliure et al. 2005;

Lacroix et al. 2005; Lefévre et al. 2006; Mauck, De Mor-

aes & Mescher 2010; Bosque-Pérez & Eigenbrode 2011).

These parasite-induced changes in host phenotype often*Correspondence author. E-mail: mcmescher@psu.edu
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have significant implications for parasite transmission

(Lefévre & Thomas 2008) and can also impact broader

community dynamics (Lefévre et al. 2006; Wood et al.

2007; Lefévre & Thomas 2008). Some pathogen-induced

effects are sufficiently complex to be obvious cases of

manipulation (e.g. parasitic rust fungi that induce the pro-

duction by hosts of pseudoflowers that facilitate fungal

transmission by insect pollinators) (Roy & Raguso 1997).

In contrast, it can be difficult to determine the adaptive

status of less dramatic effects that might plausibly be con-

strued as mere by-products of infection (e.g. up-regulation

in elm trees infected with Dutch Elm Disease of sesquiter-

pene emissions that are attractive to bark beetle vectors)

(McLeod et al. 2005). Nevertheless, it seems certain that

natural selection will rarely be indifferent to pathogen

effects that have significant implications for transmission

(Anderson & May 1991; Poulin 2010). That is, in the

absence of strong countervailing factors, selection should

favour pathogen effects on host–vector interactions that

are conducive to transmission. Consequently, we may

expect that most pathogen-induced changes in host pheno-

types will have positive (or neutral) effects on transmission

by vectors. We might also predict that pathogens which

exhibit similar modes of transmission – and therefore pre-

sumably benefit from similar patterns of host–vector inter-

action – will exhibit significant convergence in their effects

on host phenotypes (Mauck, De Moraes & Mescher 2010);

however, this hypothesis has received little attention to

date.

We have recently investigated the effects of several plant

viruses on the quality of host plants as a resource for

aphid vectors and on the host-derived cues presented to

foraging aphids (Eigenbrode et al. 2002; Jiménez-Martı́nez

et al. 2004a,b; Srinivasan et al. 2006; Medina-Ortega et al.

2009; Werner et al. 2009; Mauck, De Moraes & Mescher

2010). The results of these studies suggest an interesting

pattern of variation among viruses that differ in their

mode of transmission: we, and other groups, have docu-

mented increased aphid performance on plants infected by

persistently transmitted (PT) viruses (Montllor & Gildow

1986; Castle & Berger 1993; Jiménez-Martı́nez et al.

2004a), which, as discussed below, require sustained aphid

feeding for effective transmission. In contrast, we found

that aphid performance was strongly reduced on plants

infected by the non-persistently transmitted (NPT) Cucum-

ber Mosaic virus (CMV, Cucumovirus, Bromoviridae)

(Mauck, De Moraes & Mescher 2010), which is quickly

acquired during aphid feeding and benefits from rapid vec-

tor dispersal. Interestingly, aphids exhibited preferential

attraction to the olfactory cues of plants infected by both

persistently and NPT viruses compared with healthy con-

trols (Eigenbrode et al. 2002; Jiménez-Martı́nez et al.

2004b; Srinivasan et al. 2006; Medina-Ortega et al. 2009;

Werner et al. 2009; Mauck, De Moraes & Mescher 2010) –

in the case of CMV, this attraction to infected plants,

despite their decreased quality as a resource for aphids,

appeared to result from the increased emission from these

plants of an olfactory blend otherwise similar to that of

healthy plants. Taken together, these findings suggest a

pattern consistent with the hypothesis that the mode of

transmission should be a major factor shaping the effects

of plant viruses – and other vector-borne parasites – on

aspects of the host phenotype that influence interactions

with vectors (Mauck, De Moraes & Mescher 2010). How-

ever, this recent work has addressed far too few systems to

allow us to draw general conclusions. Therefore, in this

paper, we analyse the broader literature addressing virus

effects on host plant phenotypes, to explore whether the

pattern we observe holds more generally and to test the

hypotheses that (i) pathogen effects on host phenotypes

will generally be conducive to transmission by vectors and

(ii) pathogens with similar modes of transmission will also

exhibit similarity in their effects on aspects of the host phe-

notype (e.g. nutritional and defence chemistry, olfactory

and visual cues) that influence the frequency and nature of

interactions between hosts and vectors.

Background and specific predictions:

PATHOGEN EFFECTS ON HOST –VECTOR

INTERACT IONS :

Insects are among the most important vectors of both

plant and animal pathogens, and most insects have specific

adaptations for host finding and feeding that can poten-

tially be exploited to facilitate transmission of parasites

from infected to healthy hosts (Bernasconi et al. 1998;

Dicke 2000; Park & Hardie 2003; Birkett et al. 2004; Pow-

ell, Tosh & Hardie 2006; Fereres & Moreno 2009). Among

plant pathogens, viruses represent a widespread and

diverse group, and the transmission of many plant viruses

is obligately dependent on insect vectors (e.g. aphids,

whiteflies, planthoppers, leafhoppers, mealybugs, thrips

and beetles). Thus, the presence and abundance of insect

vectors, and the preferences and movements of vectors in

relation to infected and healthy plants, are theoretically

important regulators of virus spread (McElhany, Real &

Power 1995; Madden, Jeger & van den Bosch 2000; Power

2008; Sisterson 2008). However, these specific interactions

including transmission dynamics remain understudied

(Malmstrom, Melcher & Bosque-Pérez 2011), especially in

comparison with insect-vectored animal parasites.

In this study, we generate several predictions regarding

the optimal patterns of vector behaviour that favour the

spread of the major classes of plant viruses according to

their transmission mode and then explore these predictions

through a synthesis of available literature. Specifically, we

focus on several discrete aspects of the host–vector interac-

tion that contribute to effective transmission (Fig. 1). For

example, vectors must first approach an infected host

(attraction), establish contact with the host leading to

pathogen acquisition, usually through trophic interactions

(settling and feeding), and finally disperse from the host

and carry the pathogen to new, non-infected hosts (Fig. 1).

© 2012 The Authors. © Functional Ecology 2012 British Ecological Society, Functional Ecology
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The specific predictions about pathogen effects on these

interactions presented below are informed by our knowl-

edge of the biochemical mechanisms by which different

viruses are transmitted by various insect vectors and theo-

retical work on the epidemiology of insect-transmitted

plant viruses.

PREDICT IONS FOR VIRUS EFFECTS ON PLANT –

VECTOR INTERACT IONS

Insect-borne plant viruses exhibit transmission mechanisms

ranging from transient associations with vector mouth-

parts to long-lasting physiological associations, including

replication within both the vector and the host plant

(Nault 1997; Ng & Falk 2006; Hogenhout et al. 2008).

NPT viruses (also called ‘stylet-borne’ viruses) occupy one

end of this spectrum: they are generally retained within the

vector for only a short time and are transmitted most

efficiently when insects acquire virions during brief probes

of plant epidermal cells and then quickly move on to probe

another host or a non-infected portion of the same plant

(advancing spread) (Martı́n et al. 1997; Ng & Falk 2006).

The initiation of feeding within the phloem (the long-term

feeding site for many insect vectors of plant viruses) thus

reduces the probability of successful transmission of NPT

viruses, as virions are expelled into the same plant from

which they are acquired and are not re-acquired from the

phloem during long-term feeding (Wang & Ghabrial

2002). As a result, arrestment of vectors on infected plants

will often reduce viral spread and fitness. In contrast, PT

viruses are acquired by vectors, usually from phloem vas-

cular tissues, during longer periods of feeding (often for

several hours or days), and infected vectors typically

remain competent (able to transmit) throughout the

remaining life of the insect. A further distinction can be

drawn between persistent-circulative viruses, which circu-

late within the insect body during a latent period and are

retained within vector salivary glands but do not replicate

within the vector (e.g. aphid-transmitted viruses in the

family Luteoviridae), and persistent-propagative viruses

that replicate to varying degrees in both vectors and plants

– these are generally associated with vectors other than

aphids, including whiteflies, thrips and leafhoppers (Sylves-

ter 1980; Hogenhout et al. 2008). Semi-persistently trans-

mitted (SPT) viruses are non-circulative and bind to the

insect foregut (e.g. beetle and leafhopper vectors) or to

specific portions of the stylet (e.g., Cauliflower mosaic

virus) (Uzest et al. 2007). These viruses, like NPT viruses,

can also be acquired quickly, but longer-term feeding (such

as sustained feeding in the phloem in the case of an aphid

vector) generally increases the probability of virus acquisi-

tion (Palacios et al. 2002). The vectors of semi-persistent

viruses usually remain competent for several hours or days

following acquisition of virions (Ng & Perry 2004). The

varying requirements for vector feeding and dispersal

between non-persistent and persistent virus transmission

mechanisms yield a number of hypotheses regarding opti-

mal patterns (relative to virus fitness) of vector attraction

to, settling and feeding on, and dispersal from virus-

infected hosts:

Vector attraction

Because insect vectors must interact with the infected host

(probe or feed) to become viruliferous, we hypothesize that

– regardless of transmission mechanism – viruses that

increase the apparency or attractiveness of their hosts to

vectors will exhibit increased transmission, especially when

infected plants are rare. At high frequencies, vector attrac-

tion to infected plants may become self-defeating (unless

the behaviour of infected and non-infected vectors differ,

e.g. Medina-Ortega et al. 2009). However, virus presence

within a host population often begins with a single-infected

Fig. 1. Patterns of vector behaviour in relation to infected and

healthy hosts. In this schematic, the vector is an alate aphid, and

the pathogen is a virus (infected plant is discoloured and yellow),

but the principles illustrated apply broadly. In order for transmis-

sion to occur, the vector must locate and orient toward the

infected plant (attraction), which is mediated by chemical cues

(volatile organic molecules detectable by vectors) and visual cues

(spectral reflectance changes associated with infection). Once the

infected host is located, the vector must interact trophically with

the host to acquire the pathogen (probing, biting or sustained

feeding). The duration and nature of trophic interactions may be

influenced by infection-induced changes in host defences, host

nutritional status, or morphological or chemical attributes. After

acquiring the pathogen, the vector must disperse to a susceptible

host for transmission to occur. Pathogen-induced changes in the

cues mediating host selection behaviour can influence dispersal in

the short term, and effects of infected hosts on vector performance

(development, reproduction and survival) can influence dispersal

and transmission in the long term. Some pathogens can be

inoculated multiple times following acquisition, and some must be

re-acquired to achieve transmission to multiple hosts by a single

vector.
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plant, and consequently a very low ratio of infected to

healthy plants (Power 1991; McElhany, Real & Power

1995). The rate at which the epidemic expands from this

starting point can determine pathogen fitness, given that

hosts may not be susceptible for an entire season, vectors

may be transiently present, and host susceptibility is influ-

enced by other pathogen infections (Thresh 1974; Syller

2011). Additionally, in many cases, the frequency of infec-

tion may rarely reach levels at which increased apparency

to vectors is disfavoured (e.g. Power 1991; Raybould et al.

1999). Thus, our first prediction (P1) is that PT, SPT and

NPT viruses will influence host-derived cues in ways that

have positive (or neutral, but rarely negative) effects on

vector attraction.

Vector settling and feeding

Persistently transmitted viruses are acquired during sus-

tained feeding bouts – and sometimes only through contin-

ued feeding by immature life stages of the vector [e.g. only

larval forms of thrips (Thysanoptera) acquire Tomato spot-

ted wilt virus (TSWV, Tospovirus, Bunyaviridae), which

they later transmit in the mobile adult stage] (Whitfield,

Ullman & German 2005). Preferential initiation of

extended feeding (or preferential oviposition) by vectors

on hosts infected with PT viruses should therefore increase

the probability of vectors becoming competent. In con-

trast, the acquisition of NPT viruses should be favoured

by a reduction in the likelihood of long-term feeding (as

these virions are often lost from the insect mouthparts dur-

ing sustained feeding) (Martı́n et al. 1997; Ng & Falk

2006). Thus, our second prediction (P2) is that PT and

SPT viruses will have positive (or neutral) effects on vector

settling and long-term feeding on virus-infected hosts, while

NPT viruses will tend to have negative effects on these

behaviours.

Vector performance

Even where sustained feeding is essential for the acquisi-

tion of PT viruses, a dispersal mechanism must also exist

to allow virus spread following acquisition. Enhanced

reproduction by vectors and/or accelerated juvenile devel-

opment on virus-infected plants may lead to crowding,

accelerated use of host resources, and eventual dispersal of

large numbers of competent vectors carrying virions

(Gildow 1980, 1983; Zhang, Holt & Colvin 2000; Müller,

Williams & Hardie 2001). This suggests that PT and SPT

viruses may benefit by enhancing host plant quality for

vectors. In contrast, NPT viruses are spread when vectors

briefly probe infected plants (acquiring virions) and then

disperse prior to initiating long-term feeding. Conse-

quently, non-persistent viruses might be expected to reduce

host quality or, more importantly, palatability, thus result-

ing in rapid vector dispersal following virus acquisition.

Thus, our third prediction (P3) is that PT and SPT viruses

will have positive effects on vector survival, fecundity or lon-

gevity, and NPT viruses will have negative effects on one or

more of these parameters.

SUPPORT FROM PAST THEORET ICAL WORK

Theoretical support for these predictions is provided by a

handful of studies that have explored the epidemic

dynamics of PT, SPT and NPT viruses in the context of

the key vector behaviours of attraction; settling and feed-

ing; and dispersal (or overall activity). For example,

McElhany, Real & Power (1995) examined the disease

dynamics of viruses with low persistence (i.e. NPT

viruses) and high persistence [in this case, Barley yellow

dwarf virus (BYDV, Luteovirus, Luteoviridae) was mod-

elled explicitly] through simple analytical models whose

parameters addressed disease prevalence, vector preference

for diseased plants, disease persistence within the vector,

the spatial structure of disease spread, and global vs. local

vector movements. Our vector-attraction prediction (P1)

finds support in their conclusion that preferential vector

visits to diseased plants will enhance pathogen spread at a

low prevalence of infected plants. Vector preference for

infected plants was predicted to eventually slow the

spread of the virus, as the number of infected plants

increases, because vectors are more likely to repeatedly

visit infected hosts. However, recent work by Medina-Ort-

ega et al. (2009) suggests that the preferential attraction

of aphid vectors to BYDV-infected plants documented

previously (Jiménez-Martı́nez et al. 2004b) does not hold

for aphids that are already carrying the virus. Thus, vec-

tor preferences may be dynamic and contingent on previ-

ous exposure to virus-infected hosts or direct effects of

the virus on the vector. In contrast to results for a PT

virus, the McElhany et al. model predicted that vector

preference for diseased plants enhances disease spread at

both low and intermediate levels of disease prevalence

when the pathogen has low persistence. The difference in

the outcomes modelled for PT and NPT viruses largely

reflects the fact that continual re-acquisition of the patho-

gen is necessary for the spread of a NPT virus.

Prediction P1 is also consistent with models developed

by Sisterson (2008), which separate the preference

parameter into ‘orientation preference’ (attraction based

on odour or visual cues) and ‘feeding preference’ (arrest-

ment on infected or healthy plants). These models indi-

cate that a significant orientation preference for infected

plants increases the rate of pathogen spread when

infected plant densities are low. For NPT pathogens,

orientation preference for infected plants increases the

likelihood of initiating an epidemic – indeed, if vectors

prefer healthy plants, an epidemic fails to ensue. Sister-

son’s models furthermore suggest that the loss of prefer-

ence for infected plants observed for viruliferous vectors

(Medina-Ortega et al. 2009) may prevent reduction in

the rate of virus spread as the prevalence of infected

hosts rises (particularly for PT viruses). Finally, these

models indicate that the relative effects of vector
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preference on virus spread diminish with increasing vec-

tor population density.

The models of McElhany et al. and Sisterson are infor-

mative, but lack parameters to describe additional aspects

important to virus spread, such as immigration and emi-

gration in the field, vector reproduction, vector removal

(mortality), plant resistance, and vector aggregation. Theo-

retical work by Madden, Jeger & van den Bosch (2000)

incorporated some of these missing parameters and addi-

tionally focused on the epidemic progression of four virus

transmission types that we described above: non-persistent,

persistent-circulative, persistent-propagative, and semi-per-

sistent. Both our vector attraction prediction (P1) and vec-

tor settling and feeding prediction (P2) are supported by

this work, which suggests that small changes in vector

activity can have large effects on the spread of NPT viruses

(as might be expected given their short acquisition and

retention times), but only limited impacts on the spread of

PT viruses (Madden, Jeger & van den Bosch 2000). The

activity and movement of vector insects is influenced by

plant characteristics that are subject to alteration by virus

infection, including odour, taste, defence status and nutri-

tional quality (Powell, Tosh & Hardie 2006). Our vector

performance prediction (P3) also finds support in the theo-

retical demonstration by Madden, Jeger & van den Bosch

(2000) that changes in vector mortality can have large

effects on PT propagative viruses (because vectors remain

competent for life), but comparatively small effects on

NPT viruses. Additionally, changes in vector reproduction,

immigration and emigration were found to have differen-

tial effects on the four virus classes, with the spread of

NPT viruses being little affected by changes in these

parameters, while the spread of PT viruses is more suscep-

tible to fluctuations, as might be expected for viruses that

can be inoculated multiple times without re-acquisition.

Concurrent work by Zhang, Holt & Colvin (2000) incor-

porated vector aggregation because of settling and feeding

preferences for virus-infected plants and increased repro-

duction on infected plants into a model fitted to field data

on the spread of a PT virus, African cassava mosaic virus

(ACMV, Begomovirus, Geminiviridae), by its whitefly vec-

tor. Both P1 and P2 are supported by this work; field data

on virus spread were best explained if the model included

whitefly aggregation on infected plants. And the authors

suggested that, in systems in which infected plants are

superior hosts for vectors (as is the case for the whitefly–

ACMV–cassava system), preferential aggregation on virus-

infected plants will lead to over-crowding and increased

dispersal of viruliferous vectors to new susceptible host

populations (key elements of our vector-performance

prediction).

Evaluation of predictions

To test our three predictions relating to vector attraction,

vector settling and feeding behaviour, and vector perfor-

mance, we evaluated the available literature addressing

each of these three virus–host–vector interactions. Only a

few virus–host combinations have been comprehensively

studied with respect to the overall effects of infection on

plant–insect interactions (Bosque-Pérez & Eigenbrode

2011): The persistent-circulative Potato leafroll virus

(PLRV, Polerovirus, Luteoviridae) has been shown (in

multiple hosts) to induce odour cues that are attractive

and/or arrestant to aphid vectors and may also induce

contact or taste cues that favour vector settling (Eigenb-

rode et al. 2002; Srinivasan et al. 2006; Ngumbi et al.

2007; Werner et al. 2009). Aphid performance studies on

potato suggest that crowding is a mechanism leading to

dispersal, as PLRV-infected plants are better hosts for

aphid vectors (Castle & Berger 1993). Other studies have

shown a similar pattern for BYDV, another persistent-cir-

culative virus (Montllor & Gildow 1986; Jiménez-Martı́nez

et al. 2004a,b; Medina-Ortega et al. 2009). In contrast, a

recent study by Mauck, De Moraes & Mescher (2010)

reported a very different pattern for the NPT CMV. As in

the PLRV and BYDV pathosystems, odours from CMV-

infected host plants (Cucurbita pepo, squash) are more

attractive to aphid vectors than those of sham-infected

control plants; but instead of settling on the infected

plants, aphids rapidly disperse after initial probes of plant

tissue – during which virions are acquired (Powell et al.

1999; Powell, Tosh & Hardie 2006). The higher rates of

aphid dispersal following contact with CMV-infected hosts

are likely mediated by reduced host quality, because vector

populations also increase more slowly on virus-infected

plants. These results suggest that NPT viruses like CMV

may deceive vectors into visiting lower-quality hosts, thus

increasing virus acquisition and subsequent dispersal and

virus spread (Mauck, De Moraes & Mescher 2010).

Beyond the work just discussed, a larger body of

research has touched on specific host-mediated (and direct)

effects of plant viruses on vector behaviour and perfor-

mance, including studies documenting vector orientation,

settling and feeding preferences; dispersal; nymphal devel-

opment; adult fecundity; and overall survival. Our analyses

explored this broader literature to evaluate our three

predictions about the effects of PT and NPT viruses

on vector attraction, settling and feeding behaviour, and

performance.

L ITERATURE SELECT ION

Full details of literature selection (search terms, inclusion

criteria and analysis) are provided in the supporting infor-

mation for this review. Briefly, we conducted a Google

Scholar search based on relevant search terms to identify

literature, followed by further analyses to find additional

publications that cited, or were cited by, the papers identi-

fied in our initial search. Ultimately, we identified 55

papers that examined some aspect of insect vector attrac-

tion, settling and feeding, or performance in relation to

infected and healthy plants. We then parsed each study

into individual experiments, each addressing a single virus
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strain or isolate by host species (or cultivar) by vector

interaction (224 experiments total) (Tables S1–S3; refer-

ences for all papers used in the analyses are included in the

supporting information). Each of the 224 experiments

identified was categorized as pertaining to one of the three

types of virus–host–vector effects addressed by our predic-

tions, and results of each were categorized based on out-

comes. For experiments measuring attraction or settling

and feeding, results were categorized as demonstrating a

vector preference for virus-infected plants, for healthy

plants, or no preference. For assays of vector performance,

results were categorized as indicating a positive, neutral or

negative effect on vector performance. Tabulated results

were evaluated for departure from an expected even distri-

bution of effects (positive/neutral/negative or virus-

infected/no-preference/healthy) using chi-square tests (see

figure captions). To examine the distribution of experi-

ments among different plant virus lineages in the categories

of vector performance and vector settling and feeding

preference, results were also tabulated (Table 1).

RESULTS FOR PREDICT ION P1 : VECTORS ARE

ATTRACTED TO V IRUS- INFECTED PLANTS

We identified 30 experiments bearing on this prediction

and their outcomes indicate that PT viruses consistently

induce changes that enhance visitation by vectors relative

to healthy hosts (Fig. 2; Table S1); however, all of the

studies exploring this interaction in PT viruses focused on

the Luteoviridae. For NPT viruses, only four studies were

found that tested attraction preferences independent of

settling or feeding preferences: Mauck, De Moraes &

Mescher (2010) explicitly tested attraction based on vola-

tile cues for two aphid vectors of CMV (Aphis gossypii and

Myzus persicae) and found that winged and wingless

morphs of both of these vectors preferred the cues of virus-

infected plants. Eigenbrode et al. (2002) tested emigration

over time of M. persicae from the headspace above plants

infected with Potato virus Y (PVY, Potyvirus, Potyviridae)

and found that emigration did not differ between infected

and healthy plants for the first 30 min, but in the period

between 30 and 50 min fewer aphids emigrated from

infected plants relative to healthy plants. Fereres,

Kampmeier & Irwin (1999) also examined PVY as well as

the related Soybean mosaic virus (SMV, Potyvirus, Potyviri-

dae) and found no preference based on visual changes in

plant phenotype. Finally, Eckel, Randi & Lampert (1996)

performed field evaluations of vector attraction to tobacco

plants infected with Tobacco etch virus (TEV, Potyvirus,

Potyviridae) relative to healthy plants and had consistently

higher vector trap catches near TEV-infected plants.

Thus, despite few studies addressing NPT viruses and

limited taxonomic diversity in studies of PT viruses, the

available data suggest that virus infection of host plants

either has no effect on visitation rates by vectors or

enhances visitation through elicitation of a more attrac-

tive host phenotype. This is consistent with expectations

from the theoretical work described above that vector

attraction to virus-infected plants is generally beneficial

for virus transmission given that a high initial rate of

virus spread is often important for establishing infections

and avoiding competition (Thresh 1974; Syller 2011).

Moreover, while the number of available studies is lim-

ited, it is notable that no experiments reported virus

infection-induced host changes that resulted in lower rates

of visitation by vectors. This pattern seems unlikely to be

an artefact of publication bias, as all three outcomes are

of scientific and practical interest. We therefore view the

overall pattern observed as likely reflecting selection

against virus genotypes that reduce host attractiveness to

vectors and at least consistent with the presence of virus

adaptations that enhance vector attraction. More experi-

ments are needed that tease apart the effects of viruses on

plant size and plant odour cues, which both have implica-

tions for plant apparency to vectors. Common vectors,

such as aphids, initially choose hosts largely based on

visual cues while flying (using the contrast of a green

plant on a dark soil background) because of their poor

ability to orient or change direction (Webster 2012).

Dwarfing of plants by virus infection may reduce plant

apparency, while virus-induced change in plant colour

e.g. yellowing may enhance visual attractiveness. In

contrast to flying aphids, walking aphids make extensive

use of volatile cues to locate a proper host and can dis-

criminate among odour blends while doing so (Webster

2012). Viruses may therefore compensate for unavoidable

pathological effects on plant size (and reduced apparency)

by enhancing or altering odour cues that could function

Table 1. Distribution of experiments by viral families among the three categories for vector performance and for settling and feeding pref-

erence

Virus taxon Genome

Effect on vector performance Settling and feeding preference

Positive Neutral Negative Infected No Pref. Healthy

Bunyaviridae Negative/ambisense segmented RNA 8 6 1 13 0 0

Luteoviridae Positive sense single stranded RNA 20 6 4 18 8 2

Geminiviridae Single stranded circular DNA 16 5 12 3 1 0

Closteroviridae Single stranded RNA 5 2 0 6 1 0

Comoviridae Single stranded RNA 1 0 0 1 0 0

Sobemovirus Single stranded RNA 1 0 0 1 0 0
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to attract vectors moving from plant to plant or over

soil.

RESULTS FOR PREDICT ION P2 : VECTORS PREFER TO

SETTLE AND FEED ON PLANTS INFECTED WITH PT

V IRUSES

For PT viruses, and the few SPT viruses that have been

examined (BPMV, SBMV, and BYV in Figs 3 and 4,

Tables S2 and S3), our analyses suggest that vectors fre-

quently show a preference for settling on virus-infected

plants over healthy plants (Fig. 3; Table S2). As noted

above, settling is critical for the acquisition of PT viruses

because vectors must engage in sustained feeding to

acquire them. This is certainly true for PT viruses that are

confined to vascular tissues (e.g. phloem-borne Luteoviri-

dae) (Hogenhout et al. 2008) but also for most of those

more widely distributed within the plant, including the Ge-

miniviridae and others (Bosque-Pérez 2000; Ng & Falk

2006). Although the number of experiments with NPT

viruses is again limited (20 of 74 total experiments), the

pattern revealed by these experiments contrasts sharply

with that seen for PT viruses (Fig. 3). Most experiments

addressing NPT viruses detected either a preference for

settling on healthy plants or no settling preference, with

only two experiments describing preferential settling on

infected plants (Fig. 3). Again, this pattern is consistent

with our prediction given the non-persistent mode of trans-

mission for these viruses, where virions are acquired dur-

ing brief probes of surface tissues and can be lost from the

mouthparts if the vector commences long-term feeding

(Martı́n et al. 1997; Wang & Ghabrial 2002).

RESULTS FOR PREDICT ION P3 : VECTORS PERFORM

BETTER ON PLANTS INFECTED WITH PT V IRUSES AND

WORSE ON PLANTS INFECTED WITH NPT V IRUSES

Our survey of available experiments indicates that PT and

SPT viruses have largely positive effects on vector perfor-

mance (survival, fecundity, or longevity) (Fig. 4; Table

S3). While feeding on virus-infected plants is necessary to

acquire the pathogen, dispersal is also necessary to induce

vectors to move off of the virus-infected host after becom-

ing viruliferous. For many vector species (e.g. aphids and

whiteflies), crowding and consequent resource depletion

lead to dispersal via several mechanisms (reviewed in Mül-

ler, Williams & Hardie 2001). Increasing vector perfor-

mance may therefore be adaptive for persistent-circulative

viruses (and SPT viruses) if vectors are more likely to

arrest on virus-infected plants, acquire virions through

sustained feeding, and reproduce at high rates, leading to

rapid dispersal of virus-bearing vectors. The trend toward

positive effects on vector performance is present even

among PT viruses that replicate within the vector (e.g.

TSWV isolates) (Fig. 4). Given that these viruses are

thought to be derived from genera that are ancestrally

pathogenic to insects and other animals (reviewed in Ho-

genhout et al. 2008), both positive and neutral effects on

vectors can be construed as evidence of viral adaptation

shaped by the mode of transmission.

Fig. 2. Effects of viruses on vector attraction preference by transmission type. Chi-square analysis was conducted for results within

each transmission type to determine whether the distribution of three possible outcomes (attraction to healthy plants, infected plants,

or no discrimination) deviated from the null expectation of equal probability. Outcomes for the persistently transmitted (PT) circula-

tive and semi-PT virus types significantly deviated from the null (v2 = 17·836, d.f. = 2, P = 0·0001) and were marginally non-significant

for non-persistently transmitted (NPT) viruses (v2 = 4·769, d.f. = 2, P = 0·0921). The sample size for the NPT category was extremely

low for this analysis, but a two-way analysis (preference for virus-infected + no preference vs. preference for healthy) was signifi-

cant (v2 = 8·00, d.f. = 1, P = 0·0047). The legend indicates the pathosystem used for each experiment (see Table S1 for complete

identifiers).
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In contrast to our results for PT viruses, most experi-

ments examining the performance of vectors on hosts

infected with NPT viruses reported negative host-mediated

effects on vectors (Fig. 4; Table S3). This suggests that

NPT viruses tend to alter host chemistry or morphology in

ways that reduce the likelihood of vectors colonizing

infected plants. As discussed above, NPT viruses are inoc-

ulated most efficiently when vectors disperse shortly after

acquiring virions rather than initiating sustained feeding.

Moreover, reduced host quality is likely to increase vector

Fig. 3. Effects of viruses on vector settling and feeding behaviour by transmission type. Chi-square analysis was conducted for results

within each transmission type to determine whether the distribution of three possible outcomes (settling preference for healthy, virus

infected, or no discrimination) deviated from the null expectation of equal probability. Outcomes for the persistently transmitted (PT) and

semi-PT virus types deviated from the null (v2 = 49·778, d.f. = 2, P < 0·0001) and for non-persistently transmitted (NPT) viruses did not

(v2 = 0·695, d.f. = 2, P = 0·7064). The sample size for the NPT category was extremely low for this analysis, but a two-way analysis, (no

preference + healthy preference vs. virus-infected preference) was significant (v2 = 5·00, d.f. = 1, P = 0·0253). The legend indicates the

pathosystem used for each experiment (see Table S2 for complete identifiers).

Fig. 4. Effects of viruses on vector performance by transmission type and virus 9 host 9 vector experiments. Chi-square analysis was

conducted for results within each transmission type to determine whether the distribution of three possible outcomes (positive, neutral, or

negative effect of infection of the host plant with a virus on the vector) deviated from the null expectation of equal probability. Outcomes

for both transmission types deviated from the null [persistently transmitted (PT) v2 = 25·103, d.f. = 2, P < 0·0001, non-persistently trans-

mitted (NPT) v2 = 7·091, d.f. = 2, P = 0·0289]. The legend indicates the pathosystem used for each experiment (see Table S3 for complete

identifiers).
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activity (movement among plants) which theoretical

models generally predict to be beneficial for the spread of

NPT viruses (Madden, Jeger & van den Bosch 2000).

PHYLOGENET IC PATTERNS IN V IRUS EFFECTS ON

HOSTS

On the whole, our analyses support all three of our predic-

tions, indicating that the mode of viral transmission plays

a significant role in shaping virus effects on host–vector

interactions. However, a significant limitation of our anal-

yses is the existence of limited variation in transmission

mechanisms within virus groups. Thus, viruses within a

given taxon are not independent of one another, as their

shared evolutionary history might plausibly explain their

similarity in both transmission mechanism and effects on

host phenotypes without the latter necessarily being caused

by the former. Nevertheless, our analyses clearly indicate

that individual virus taxa typically exhibit effects on host

phenotypes consistent with those we would predict to be

compatible with their mode of transmission. Moreover,

convergence in the effects on host–vector interaction of

viruses from multiple lineages that share a common trans-

mission mechanism suggests that such effects are adaptive

(Thomas, Adamo & Moore 2005), or at least that they

have been shaped by selective constraints acting against

the evolution of traits that are incompatible with that

mode of transmission.

For PT viruses, a sufficient number of studies exist to

allow us to examine patterns in the effects induced by dif-

ferent virus families (Table 1) that vary in their genomic

organization (as indicated in the table), host-use strategies

(e.g. replication site within the cell), and use of vectors as

additional sites of replication (discussed below). Thus, we

can examine whether families with similar transmission

characteristics but otherwise different biological character-

istics (and evolutionary origins) converge on a similar

strategy in terms of virus-induced effects on vector feeding

and performance. With regard to effects on vector perfor-

mance (the interaction represented by the greatest number

of studies), the Bunyaviridae, which replicate in their vec-

tors and plant hosts, have largely positive effects (eight

experiments) or neutral effects (six experiments) with only

one instance of negative effects on the vector (DeAngelis,

Sether & Rossignol 1993). These studies are all very simi-

lar in methodology, using laboratory assays to examine

the survival and growth rate of thrips vectors on excised

tissue. Notably, the study by Belliure et al. (2005) also

demonstrates that the positive effect of virus infection in

the host counteracts defences induced in response to dam-

age by the vector (increasing performance), and the study

by Wijkamp, Goldbach & Peters (1996) demonstrates that

replication within the vector does not negatively affect

performance, at least for one common isolate of TSWV.

The Luteoviridae, persistent-circulative viruses that do not

replicate in the vector, likewise show largely positive

effects (20 experiments) or neutral effects (six experiments)

on vector performance, with only four experiments reveal-

ing negative effects. Again, these studies employed labora-

tory or greenhouse assays, generally with whole plants,

where researchers measured the growth rates of aphid vec-

tors over time (either individually or as populations), and

so results are comparable across studies. This group also

has good representation of different strains in combina-

tion with different cultivars and species of host plants

(Table S3). For geminiviridae, which are largely persistent

circulative but for which some evidence exists of replica-

tion in the vector (Hogenhout et al. 2008), most experi-

ments were represented among the positive-effect (16) and

neutral-effect (5) categories, with the negative-effects cate-

gory having 12 experiments. Experiments in this group

also consist of laboratory- or greenhouse-based assays

measuring vector fecundity and development. In addition,

the SPT viruses examined (Closteroviridae, Comoviridae,

Sobemovirus) also exhibited the pattern expected for

viruses that benefit from longer acquisition access periods.

These groups also showed similar patterns with respect to

vector settling and feeding preferences. A few experiments

measuring settling and feeding preference used whole

plant assays (e.g. Maris et al. 2004), with the majority

measuring preference in arenas presenting equal amounts

of infected and healthy tissue (usually still attached to the

plant, e.g., Castle, Mowry & Berger 1998; Eigenbrode

et al. 2002; Srinivasan et al. 2006; and others, but also

with detached leaves, e.g., Hodge & Powell 2008). Some

experiments assessed preference by performing electrical

penetration graphing to examine fine-scale feeding behav-

iour (e.g. Alvarez et al. 2007). All of these methods are

common and effective ways to assess the relative palatabil-

ity of tissue to an insect herbivore. Tabulation of results

shows that across all PT and SPT groups, vectors exhib-

ited a settling preference for healthy plants in only 2/54

instances, and no preference in only 10 instances

(Table 1). Only single-stranded positive sense RNA

viruses [Luteoviridae (PT), Bromoviridae (NPT), and

Potyviridae (NPT)] have been tested with regard to virus

effects on host attractiveness to vectors (Fig. 2), so there

is insufficient diversity within this group to perform the

same examination of attractiveness by virus classification

within either transmission type.

Conclusions

Our analysis of the existing literature indicates that

plant viruses exhibiting different transmission mecha-

nisms tend to exhibit corresponding effects on vector

attraction; settling and feeding; and performance. Con-

sistent with our prediction regarding vector attraction

(P1), we found that vectors are generally attracted to

virus-infected hosts over non-infected hosts via virus-

induced changes in host-derived cues (Fig. 2, Table S1),

a preference which should act to increase the rate of

virus spread. Our prediction regarding vector settling

and feeding (P2) was that viruses that require sustained
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feeding to be acquired by vectors (PT viruses and SPT

viruses) should primarily induce phenotypes that stimu-

late vector settling and feeding on infected plants.

Again, we found that vectors prefer to settle on plants

infected with PT viruses, while NPT viruses generally

either have no effect on vector settling and feeding or

cause infected plants to be less preferred than healthy

plants (Fig. 3, Table S2). These settling preferences are

in line with our findings regarding virus effects on vec-

tor performance (P3). We found that PT viruses typi-

cally increased host quality for vectors, resulting in

increased vector survival, fecundity or longevity (Fig. 4,

Table S3). In contrast, NPT viruses more often

decreased or had no effect on host quality.

Our analyses furthermore reveal consistent patterns

of congruence between transmission mechanism and

virus effects on host phenotype across highly divergent

taxonomic groups of viruses (Table 1). Convergent evo-

lution of similar phenotypic traits among unrelated taxa

is commonly invoked as evidence for adaptation, and

similarity in the effects induced in hosts by parasites

that are transmitted in a similar manner has previously

been treated as evidence of adaptive manipulation in

animal parasite systems (Poulin 1995, 2010; Thomas,

Adamo & Moore 2005). In a review of animal para-

sites vectored by blood-feeding insects, Lefévre & Tho-

mas (2008) noted that highly divergent parasites

(viruses, bacteria, Plasmodium spp., trypanosomes, and

nematodes) induce specific behavioural changes in their

vectors that alter key behaviours (e.g. vector biting rate

and/or feeding duration) in ways that increases parasite

transmission. Furthermore, host attractiveness is also

increased relative to non-infected individuals within and

across several of these groups (Lefévre & Thomas

2008). Thus, among animal-infecting parasites vectored

by blood-feeding insects (a shared transmission mecha-

nism), there is considerable convergence in adaptive

manipulation strategies. To date, we have limited

knowledge about the effects of plant viruses (or other

plant pathogens) on host–vector interactions, but the

analyses presented here, together with past findings

from animal disease systems, suggest that transmission

mechanisms may indeed be an important factor shaping

their evolution.

Future directions

While our findings suggest that transmission mechanism is

a key factor shaping virus effects on host phenotypes that

mediate interactions with insect vectors, there is a great

deal more to be known about the evolutionary processes

that give rise to the observed patterns and about the eco-

logical significance of these effects not only for plant–vec-

tor interactions and disease transmission, but also for

broader community and ecosystem-level processes. Here,

we suggest several goals for future research that build

upon our current findings:

EXPAND THE NUMBER AND DIVERS ITY OF

PATHOSYSTEMS EXAMINED WITH REGARD TO ALL

THREE ASPECTS OF VIRUS –HOST –VECTOR

INTERACT IONS

Only a few pathosystems have been examined with

regard to all three types of vector–host interactions

described in Figs 2–4. Thus, while our survey reveals

broad patterns among viruses with different transmission

mechanisms, we cannot determine whether each of the

viruses featured in our data set conforms to each of

our predictions for the virus–host–vector interactions

important for transmission. NPT viruses in particular

are poorly characterized with regard to their effects on

vectors, potentially because they are thought to have

relatively limited interactions with vectors (although

recent research has demonstrated that some of these

pathogens have very specific and complex interactions

with vector mouthparts, reviewed in Brault et al. 2010).

However, these viruses are both abundant (about 42%

of all insect-vectored viruses are NPT viruses) (Hogenh-

out et al. 2008) and extremely important from an eco-

nomic perspective, because their rapid transmission

strategy makes chemical control of vectors largely inef-

fective in monocultures of susceptible hosts where insec-

ticides may instead stimulate increased movement and

probing by vectors before they are killed (Roberts et al.

1993; Perring, Gruenhagen & Farrar 1999). It may also

be useful to compare and contrast the effects of insect-

vectored viruses with vertically transmitted or mechani-

cally transmitted viruses that do not rely on insect vectors

and thus would not be expected to induce similar

changes in plant chemistry (e.g. as in Castle & Berger

1993; Castle, Mowry & Berger 1998; Eigenbrode et al.

2002). Additionally, of the studies that have been per-

formed across both NPT and PT virus groups, few pro-

vide insight into the mechanisms by which plant viruses

actually influence important aspects of vector biology

and behaviour. One notable, very recent exception is a

paper demonstrating that Tomato yellow leaf curl China

virus (see Fig. 4), which, when infecting a tobacco host

plant along with its satellite virus, suppresses a key phy-

tohormone (jasmonic acid) that mediates plant defence

against the vector (Zhang et al. 2012). Other recent

work on CMV has demonstrated, using mutant viruses,

that a virus-derived protein is capable of modifying

phytohormones that mediate interactions between vec-

tors and host plants (Lewsey et al. 2010). Therefore, in

addition to expanding the scope of research to include

more virus species across multiple taxonomic groups,

future studies should attempt to characterize the molec-

ular and biochemical changes that explain observed pat-

terns. Additional work examining different isolates and

strains of viruses in combination with multiple hosts

and vectors would also inform our understanding of the

genetic basis for pathogen effects and would provide

information on the frequency with which such effects

© 2012 The Authors. © Functional Ecology 2012 British Ecological Society, Functional Ecology

10 K. Mauck et al.



are likely to occur given the host and vector ranges of

different strains (e.g. Stumpf & Kennedy 2005, 2007).

DETERMINE HOW VIRAL MANIPULAT ION OF VECTOR

BEHAV IOUR INFLUENCES VIRUS EP IDEMICS AND THE

IMPL ICAT IONS FOR MODELS OF VIRUS SPREAD

Although models of plant virus spread have included

parameters representing vector preference and perfor-

mance (Jeger et al. 2004; Jeger, Madden & van den Bosch

2009), these models are not inclusive of the wide range of

effects that have been observed in experimental studies.

More comprehensive models will potentially reveal new

(and perhaps non-intuitive) epidemiological outcomes of

direct and indirect effects of viruses on vectors. Studies

that also examine the behavioural and performance pat-

terns described here, along with virus spread, on scales lar-

ger than laboratory performance and choice tests would

provide empirical data to support efforts to model the

effects of viruses on vectors in real-world situations. These

models have clear applications for managing viruses in

agricultural systems in addition to aiding our understand-

ing of the diversity of selection pressures shaping virus

evolution.

EXAMINE V IRUS –HOST –VECTOR INTERACT IONS IN

NATURAL PLANT COMMUNIT IES

The great majority of existing studies of virus–host–vector

interactions have been performed using agriculturally rele-

vant pathosystems (Tables S1–S3). Natural plant commu-

nities harbour an incredible diversity of plant viruses

(Wisler & Norris 2005; Roossinck et al. 2010), many of

which are cryptic species that do not cause the typical

visual symptoms that we associate with well-studied agri-

cultural pest species (for a discussion of different virus life-

styles see Roossinck 2010). Although we are just beginning

to understand the diversity of viruses found in natural

plant communities and how they fit into the existing taxo-

nomic framework (Roossinck et al. 2010), it is likely that

virus-induced changes in plant chemistry also influence

interactions with vectors for these newly discovered virus

species. Viruses that do not cause outward visual symp-

toms of disease may nevertheless cause subtle changes in

the production and emission of volatile organic com-

pounds that are important cues for vector insects, or

changes in nutrients and defence chemistry that influence

vector feeding.

EXAMINE GENERAL IST PATHOGENS AND COMPLEX

SELECT ION ENV IRONMENTS

Some viruses, such as certain strains of CMV, can infect a

large number of hosts within certain plant groups or fami-

lies with varying degrees of infection success and severity,

while other species are restricted to a limited number of

hosts within one or two plant families and usually are well

adapted to these hosts. Similarly, many multi-host (gener-

alist) pathogens can be transmitted by more than one (and

often many) vector species, with varying degrees of effi-

ciency. Thus, the selection pressure on generalist pathogens

may be complex, favouring variants which cause changes

that are likely to positively influence vector behaviour (in

terms of viral fitness) across a range of vector species (e.g.

a general increase in volatile emissions to increase plant

apparency, as is seen for the CMV-squash pathosystem).

The ability of viral variants to influence host plant chemis-

try may also vary from host-to-host, so landscapes that

are patchy with regard to optimal hosts may influence the

frequency of ‘manipulative’ genotypes, or may select for

variants that are specialized in influencing plant chemistry

for the most abundant susceptible host. More studies are

needed that employ both generalist and specialist viruses

derived from different geographical areas and host back-

grounds. Although our data set includes generalists, there

is insufficient information to determine whether these

viruses (e.g. CMV) are able to alter hosts in ways that ben-

efit transmission across multiple host species or families.

This work would provide a better understanding of how

complex selection environments influence the maintenance

of viral variants capable of manipulating hosts.

DETERMINE HOW VIRUS- INDUCED CHANGES IN HOST

PHENOTYPE INFLUENCE (AND ARE INFLUENCED BY)

OTHER PATHOGENS AND NON-VECTOR ORGANISMS

The role of other organisms, such as pathogens, non-vec-

tor herbivores, and vector natural enemies, is important to

consider in studying virus effects on host behaviour in both

natural and managed systems (Malmstrom, Melcher &

Bosque-Pérez 2011). These organisms are important regu-

lators of host-plant and vector populations and can also

have significant impacts on vector behaviour (Chau &

Mackauer 1997; Schmidt et al. 2003). For instance, para-

sitic wasps that attack aphids have been shown to induce

vector dispersal and drastically increase the spread of a

NPT virus to susceptible hosts adjacent to a focal infection

(Hodge, Hardie & Powell 2010), but the same result was

not observed for wasps attacking aphids transmitting

BYDV, a PT virus (Smyrnioudis et al. 2001). Interactions

among pathogens within a host – particularly among

co-infecting viruses – may also influence virus–host–vector

interactions and selection on viruses. Co-infections can

sometimes result in synergistic effects that increase the

transmission of both pathogens (Murphy & Kyle 1995),

but are also sometimes incompatible, resulting in prema-

ture host death (Wang et al. 2004) or reduced titres of one

of the pathogens because of competition (Power 1996).

Even though other viral and non-viral pathogens, non-vec-

tor herbivores, and vector natural enemies are often abun-

dant and ubiquitous components of plant communities

affected by viruses, their roles in influencing virus spread –

and selection pressure on viruses to manipulate host chem-

istry and vector behaviour – remain largely unexplored.

© 2012 The Authors. © Functional Ecology 2012 British Ecological Society, Functional Ecology
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INCORPORATE THE EFFECTS OF AB IOT IC FACTORS ON

HOST PLANT –V IRUS –VECTOR INTERACT IONS

Simultaneous abiotic and biotic stresses certainly influence

chemically mediated multi-trophic interactions in natural

settings. The phenotype of a host plant depends upon abi-

otic factors including light, soil nutrient and water avail-

ability, temperature regimes, and CO2 concentrations. For

example, such factors are known to influence host-derived

cues that have been shown to mediate virus–vector interac-

tions, such as the emission of volatile organic compounds

from plants (Holopainen & Gershenzon 2010). Less is

known about how co-occurring stress factors, including

virus infections, influence plant responses to abiotic fac-

tors. The strength of direct and indirect effects of viruses

on their vectors, and the evolution and maintenance of

viral variants that produce these effects, will depend in part

upon climatic and edaphic factors. Global changes in CO2,

ozone and temperature could alter aspects of host chemis-

try that are influenced by virus infection, such as emissions

of volatiles from plants and the accumulation of metabo-

lites in plant tissues (Yuan et al. 2009), with implications

for vector behaviour and the epidemiology of vector-borne

viruses. Furthermore, climate change and other impacts of

human activity, such as the introduction of non-native

plants, are also hypothesized to influence virus epidemiol-

ogy by promoting the movement of vectors, plants and

pathogens into new areas, resulting in increased incidence

of novel virus–host interactions (Canto, Aranda & Fereres

2009). Emerging viral pathogens may initially be mal-

adapted to new host environments, so these novel interac-

tions could present a unique opportunity to track (in nat-

ure) whether there is selection for variants that alter host

phenotypes in ways that preserve or enhance the probabil-

ity of transmission by local or introduced vectors.

The synthesis of literature presented here thus provides

a starting point for many additional avenues of research

pertaining to insect vector behaviour and virus adaptation,

including the elucidation of mechanisms of viral manipula-

tion, the frequency of manipulations in natural communi-

ties, the role of patchy host plant distributions and

multiple vectors, interactions involving non-vector organ-

isms and their effects on vector behaviour and virus

spread, and the influence of abiotic factors. Such work will

have significant implications both for the management of

plant viral diseases in agriculture and for our understand-

ing of the ecological effects of viruses and other manipula-

tive parasites on the functioning of natural systems.
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(2006) Influence of hairy nightshade Solanum sarrachoides (Sendtner)

and Potato leafroll virus (Luteoviridae, Polerovirus) on the host prefer-

ence of Myzus persicae (Sulzer) (Homoptera, Aphididae). Environmental

Entomology, 35, 546–553.
Stumpf, C.F. & Kennedy, G.G. (2005) Effects of Tomato spotted wilt virus

(TSWV) isolates, host plants, and temperature on survival, size, and

development time of Frankliniella fusca. Entomologia Experimentalis et

Applicata, 114, 215–225.
Stumpf, C.F. & Kennedy, G.G. (2007) Effects of Tomato spotted wilt virus

isolates, host plants, and temperature on survival, size, and development

time of Frankliniella occidentalis. Entomologia Experimentalis et Appli-

cata, 123, 139–147.

© 2012 The Authors. © Functional Ecology 2012 British Ecological Society, Functional Ecology

Virus–host interactions influence vector behaviour 13



Syller, J. (2012) Facilitative and antagonistic interactions between plant

viruses in mixed infections. Molecular Plant Pathology, 13, 204–216.
Sylvester, E. (1980) Circulative and propagative virus transmission by

aphids. Annual Review of Entomology, 25, 257–286.
Thomas, F., Adamo, S. & Moore, J. (2005) Parasitic manipulation, where

are we and where should we go? Behavioral Processes, 68, 185–199.
Thresh, J.M. (1974) Temporal patterns of virus spread. Annual Review of

Phytopathology, 12, 111–128.
Uzest, M., Gargani, D., Drucker, M., Hébrard, E., Garzo, E., Candresse,
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Plant viruses alter insect behavior to
enhance their spread
Laura L. Ingwell, Sanford D. Eigenbrode & Nilsa A. Bosque-Pérez

Department of Plant, Soil, and Entomological Sciences, P.O. Box 442339, University of Idaho, Moscow, ID 83844-2339, USA.

Pathogens and parasites can induce changes in host or vector behavior that enhance their transmission. In
plant systems, such effects are largely restricted to vectors, because they are mobile and may exhibit
preferences dependent upon plant host infection status. Here we report the first evidence that acquisition of
a plant virus directly alters host selection behavior by its insect vector. We show that the aphid
Rhopalosiphum padi, after acquiring Barley yellow dwarf virus (BYDV) during in vitro feeding, prefers
noninfected wheat plants, while noninfective aphids also fed in vitro prefer BYDV-infected plants. This
behavioral change should promote pathogen spread since noninfective vector preference for infected plants
will promote acquisition, while infective vector preference for noninfected hosts will promote transmission.
We propose the ‘‘Vector Manipulation Hypothesis’’ to explain the evolution of strategies in plant pathogens
to enhance their spread to new hosts. Our findings have implications for disease and vector management.

P
athogenic and parasitic organisms interact with their hosts on a variety of cellular and organismal levels that
potentially cause changes in host behavior leading to enhanced transmission1–5. This phenomenon led to the
emergence of the ‘‘Host Manipulation Hypothesis’’ (HMH)6. The HMH and its synonyms the adaptive

manipulation7 and behavioral manipulation8 hypotheses posit that natural selection on the parasite or pathogen
has favored the capacity to elicit host behavior that enhances their transmission. Although examination of the
HMH has progressed from descriptive studies to investigations of the mechanisms through which parasites affect
host behavior and their consequences for parasite spread9,10, the field remains predominantly focused on animal
pathosystems.

Pathogens or parasites can influence the behavior not only of their primary hosts, but also of their vectors.
Arthropods are important vectors of both animal and plant pathogens, transmitting thousands of species of
pathogens, including viruses, bacteria, phytoplasmas, trypanosomes and Plasmodia2,11. The effects of pathogens
on vector biology and behavior have been documented in several pathosystems, including those associated with
important human diseases such as malaria, leishmaniasis and sleeping sickness2,5. The observed changes in vector
behavior include those related to pathogen transmission. For example, mosquitoes infected with the malaria
parasite exhibit increased biting frequency and increased attraction to humans infected with the gametocytes of
the parasite compared to noninfected humans1,3.

In contrast to animal pathosystems, plant pathosystems have been less well studied for evidence of host or
vector manipulation by pathogens12. While animal pathogens can alter the behavior of both hosts and vectors in
ways that increase frequency of host-host or host-vector encounters2,4,5, in plant pathosystems the host is sessile,
so the potential for behavioral manipulation is restricted to the vector, the mobile component in these systems.
Furthermore, unlike animal pathogens most plant pathogens, including the majority of plant viruses, do not
replicate within the vector, so these vectors are not pathogen hosts, sensu stricto.

We previously demonstrated that Barley yellow dwarf virus (BYDV) infecting wheat and Potato leafroll virus
(PLRV) infecting potato indirectly induce changes in the host selection behavior of their respective principal
aphid vectors, Rhopalosiphum padi and Myzus persicae13–16. We also have shown that plants infected with these
viruses have altered volatile organic compound profiles that elicit greater settling of or arrestment by their
noninfective vectors13,14,16,17. Luteoviruses (viruses in the family Luteoviridae), including BYDV and PLRV are
persistently transmitted. They are ingested and pass through the midgut or hindgut into the hemocoel, eventually
associating with the accessory salivary glands of the vector18. These viruses rely almost exclusively on insect
vectors for transmission and require sustained feeding by a vector for their successful acquisition and transmis-
sion19. After acquisition, the insect remains a vector for life. Although they do not replicate within the vector,
persistently-transmitted viruses interact with the vector at the cellular level during movement among tissues and
organs20, with the potential to directly alter vector physiology and behavior.
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Preferential settling by vectors onto infected plants, as occurs for
BYDV and PLRV, could contribute to enhanced pathogen spread.
Models indicate that a preference for infected plants will accelerate
pathogen spread, but only when infected plants are rare, not when
they are prevalent in a plant population21. Conditional vector pref-
erence, however, could enhance pathogen spread regardless of the
prevalence of infected plants. Specifically, if noninfective vectors
prefer infected plants thereby promoting acquisition, and infective
vectors prefer noninfected hosts promoting transmission, overall
spread would be accelerated. The possibility of conditional vector
preference for pathogen-infected plants has hardly been examined
despite its potential importance. Changes in vector behavior that
occur after feeding on virus-infected plants could be attributed to
direct effects of the acquired virus on the vector, but such direct
effects are difficult to distinguish from indirect ones associated with
feeding on virus-infected plants. Here we test the hypothesis that a
change in host plant selection behavior by an insect vector is the
direct result of virus acquisition by the vector. We provide the first
experimental evidence that acquisition of a plant virus through in
vitro feeding, which eliminates indirect effects of an infected plant
host, directly alters subsequent host plant selection behavior of its
vector. These findings enhance our understanding of how plant
viruses spread to new hosts, with implications for disease and vector
management.

Results
We first examined host plant selection preferences of infective
(reared on virus-infected plants) and noninfective (reared on
virus-free plants) R. padi. In dual-choice bioassays using an arena
in a platform22 (Fig. 1) infective or noninfective insects were allowed
to select BYDV-infected or sham-inoculated wheat plants as their
hosts. Sham-inoculated plants are noninfected plants previously fed
upon by noninfective aphids and are utilized in our bioassays to
account for potential aphid feeding-induced changes in plants23.
Infective and noninfective insects were tested simultaneously in
separate platforms. Each platform contained a leaf from each plant
treatment, BYDV-infected or sham-inoculated, onto which aphids
could settle and feed throughout the bioassay. We compared the
responses of infective and noninfective aphids by examining the
proportion of aphids that settled on BYDV-infected or sham-
inoculated plants every 12 h for 72 h. A 72-h time period is suffi-
ciently long for virus acquisition by noninfective aphids to occur
when exposed to BYDV-infected plants, while a 12-h time period
is unlikely to result in noninfective aphids becoming infective due to

the latent period of the virus24,25. We therefore compared aphid res-
ponses at the first 12-h observation, and after 72 h when responses
were pooled over time. The 12-h observation occurs before addi-
tional virus acquisition was expected while the 72-h comparison is
more powerful statistically and incorporates a time period more
meaningful for transmission dynamics in the field. Noninfective
aphids significantly preferred to settle on BYDV-infected wheat
compared to infective aphids at the first 12-h observation point
(generalized linear model; x2 5 3.12, p 5 0.0774, marginally signifi-
cant) (Fig. 2a, Supplementary Table S1a) and throughout the dura-
tion of the experiment (generalized linear model; x2 5 19.33, p ,

0.0001) (Fig. 2b, Supplementary Table S2a). In contrast, infective
aphids significantly preferred to settle on sham-inoculated wheat

Figure 1 | Diagrammatic illustration of the dual-choice bioassay arena
used in experiments. Adapted from Castle et al.22. 1, BYDV-infected

wheat; 2, sham-inoculated wheat; 3, vial (5.5 x2.5 cm; Lx D) initially

containing 50 aphids; 4, tube (16x2.5 cm; LxD); 5, platform (15 cm; D); 6,

lid enclosing the arena.

Figure 2 | Mean proportion of infective and noninfective aphids
responding in a dual-choice bioassay examining host plant selection
preferences to BYDV-infected and sham-inoculated wheat (noninfected
plants previously fed upon by noninfective aphids) as influenced by
indirect effects of feeding on virus-infected plants. Each replicate

(n 5 12) consisted of one arena with noninfective aphids paired with one

arena of infective aphids, randomized in a complete block design over

time. Statistical analyses compared the response of infective and

noninfective aphids to the BYDV-infected or sham-inoculated plant

treatment. (a) Aphid responses at the first observation point made 12 h

after release. Noninfective aphids preferred BYDV-infected wheat

compared to infective aphids (generalized linear model; x2 5 3.12,

p 5 0.0774, marginally significant). Infective aphids preferred sham-

inoculated plants compared to noninfective aphids (generalized linear

model; x2 5 3.12, p 5 0.0774, marginally significant). (b) Aphid responses

pooled over time (6 observations). Noninfective aphids significantly

preferred BYDV-infected wheat compared to infective aphids (generalized

linear model; x2 5 19.33, p , 0.0001). Infective aphids significantly

preferred sham-inoculated plants compared to noninfective aphids

(generalized linear model; x2 5 20.14, p , 0.0001). Data are means 6 SE

following logit transformation. Errors bars are s.e.m.
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compared to noninfective aphids at the first observation point (gen-
eralized linear model; x2 5 3.12, p 5 0.0774, marginally significant)
(Fig. 2a, Supplementary Table S1b) and throughout the duration of
the experiment (generalized linear model; x25 20.14, p , 0.0001)
(Fig. 2b, Supplementary Table S2b). The time at which the observa-
tions were made was not a significant factor when examining the
response to BYDV-infected wheat (generalized linear model; x2 5

4.96, p 5 0.4203) (Supplementary Table S2a) or sham-inoculated
wheat (generalized linear model; x2 5 2.15, p 5 0.8282) (Supple-
mentary Table S2b). The results suggest that virus acquisition
changes vector host plant selection behavior to favor noninfected
plants rather than infected plants.

These behavioral changes could result either from direct effects of
acquired virus particles on the aphid, or from insect exposure to cues
from virus-infected host plants. To isolate potential direct effects of
virus acquisition on the vector we conducted a similar experiment
using in vitro feeding to obtain infective and noninfective aphids.
Insects were first reared on virus-free plants and subsequently trans-
ferred to membrane feeding chambers26 (Fig. 3) that contained arti-
ficial phloem with either purified BYDV particles or no virus. Host
plant selection preferences of infective and noninfective insects were
examined every 12 h for 72 h using an arena as described above.
Observation time was not a significant factor when examining the
response to BYDV-infected wheat (generalized linear model; x2 5

2.41, p 5 0.7906) (Supplementary Table S2c) or sham-inoculated
wheat (generalized linear model; x2 5 3.66, p 5 0.5995) (Supple-
mentary Table S2d). We present the results of the aphid responses at
the first 12-h observation point as well as the responses pooled over
time. Noninfective aphids significantly preferred BYDV-infected
wheat compared to infective aphids at the first observation point
(generalized linear model; x2 5 4.24, p 5 0.0394) (Fig. 4a, Supple-
mentary Table S1c), and throughout the duration of the experiment
(generalized linear model; x2 5 16.18, p , 0.0001) (Fig. 4b, Supple-
mentary Table S2c). Similar to the patterns obtained using aphids
that acquired virus from plants, infective aphids significantly pre-
ferred sham-inoculated wheat compared to noninfective aphids at
the first observation point (generalized linear model; x2 5 5.64, p 5

0.0176) (Fig. 4a, Supplementary Table S1d), and throughout the
duration of the experiment (generalized linear model; x25 16.32,
p , 0.0001) (Fig. 4b, Supplementary Table S2d).

Results from RT-PCR tests verified that our inoculation and
acquisition methods were successful (See Supplementary Figure
S1). All plants used in the dual choice tests were tested via RT-
PCR immediately after the bioassays. Sham-inoculated plants
remained virus-free and infected plants remained BYDV-infected,
indicating that during the bioassays (72 h) the plant treatments were
stable, despite being exposed to potential feeding by infective aphids.
Tests of aphids using RT-PCR revealed that infective aphids
remained BYDV-infective subsequent to the bioassay, while 25%
of noninfective aphids acquired BYDV during the 72-h bioassay
when they had access to BYDV-infected plants in the bioassay arena.
Although the bioassay design unavoidably results in virus acquisition
by some noninfective aphids, the result is a more conservative test of
our hypothesis since within-bioassay virus acquisition should tend
to diminish detectable differences between the aphid treatments.

Furthermore, the aphid responses after 72 h in the bioassay arena
are consistent with the preferences observed after 12 h, during which
time noninfective aphids almost certainly remained noninfective24,25.
The lack of BYDV infection of the sham-inoculated plants after 72 h
of exposure to initially noninfective aphids in an arena with BYDV-
infected plants also indicates that these aphids did not become infect-
ive during the bioassay.

Discussion
Assays utilizing membrane-fed infective aphids yielded results
similar to those obtained using aphids that acquired BYDV from
infected plants, confirming our hypothesis that changes in host plant
selection by the vector are mediated by direct effects of virus acquisi-
tion, rather than indirect effects of feeding on infected host plants.

Figure 3 | Diagrammatic illustration of a membrane feeding chamber. 1,

artificial diet solution (100 mL); 2, upper layer of ParafilmH; 3, bottom layer

of ParafilmH; 4, humid chamber; 5, petri dish (5.5 cm; D); 6, moist filter

paper.

Figure 4 | Mean proportion of infective and noninfective aphids
responding in a dual-choice bioassay examining host plant selection
preferences to BYDV-infected and sham-inoculated wheat plants as
influenced by direct effects of virus acquisition following membrane
feeding. Each replicate (n 5 12) consisted of one arena with noninfective

aphids paired with one arena of infective aphids, randomized in a complete

block design over time. Statistical analyses compared the response of

infective and noninfective aphids to the BYDV-infected or sham-

inoculated plant treatment. (a) Aphid responses at the first observation

point made 12 h after release. Noninfective aphids significantly preferred

BYDV-infected wheat compared to infective aphids (generalized linear

model; x2 5 4.24, p 5 0.0394). Infective aphids significantly preferred

sham-inoculated wheat compared to noninfective aphids (generalized

linear model; x2 5 5.64, p 5 0.0176). (b) Aphid responses pooled over time

(6 observations). Noninfective aphids significantly preferred BYDV-

infected wheat compared to infective aphids (generalized linear model;

x2 5 16.18, p , 0.0001). Infective aphids significantly preferred sham-

inoculated wheat compared to noninfective aphids (generalized linear

model; x2 5 16.32, p , 0.0001). Data are means 6 SE following logit

transformation. Errors bars are s.e.m.
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Direct effects of virus acquisition on the vector host plant selection
behavior in a manner that will promote the spread of the virus is
consistent with an evolved strategy in the pathogen of manipulation
of its vector. We propose the ‘‘Vector Manipulation Hypothesis’’
(VMH) to explain the evolution of strategies in plant pathogens that
enhance their spread to new hosts through their effects on mobile
vectors. Selection should favor both direct and indirect mechanisms
producing such effects. Vectors that feed on virus-infected host
plants exhibit faster growth rates, higher fecundity, greater longevity
and/or enhanced production of alate forms of the vector27–33, which
can lead to increased virus spread and are typically attributed to
indirect effects of virus infection on host quality. Virus- infection-
mediated alterations of the host plant’s secondary chemistry can
affect vector behavior. Evidence for such indirect effects of pathogens
on vector behavior continues to accumulate and is consistent with
the VMH13–16,34–36. We provide the first evidence for a direct effect of a
plant virus on its vector consistent with the VMH, specifically by
influencing the vector’s host selection behavior to maximize patho-
gen spread. In our model pathosystem, noninfective vectors are
attracted to virus-infected host plants, which is beneficial as it
increases vector fitness23. After virus acquisition virus vector prefer-
ences shift to noninfected hosts, maximizing pathogen transmission
potential by promoting the movement of infective aphids onto non-
infected host plants. Our results offer a specific example of a plant
virus directly manipulating its vector in a manner that is likely to
maximize pathogen transmission potential between hosts, providing
support for the VMH.

Results supportive of the VMH also have been reported from work
on nonpersistently-transmitted plant viruses examining effects on
noninfective vector behavior. Non-persistently transmitted viruses
bind transiently to insect mouthparts20 and interactions in these
pathosystems are likely limited to indirect effects on vectors.
Recent work with the non-persistently transmitted Cucumber mosaic
virus (CMV), which is acquired rapidly during aphid feeding and
benefits from rapid vector dispersal, showed that aphids are initially
attracted to volatile organic compounds from CMV-infected squash
plants, but subsequently prefer to colonize noninfected plants34.
Attraction to CMV-infected plants appears to be mediated by their
increased emission of volatile organic compounds similar to those
from healthy plants. Since CMV can be acquired within a few sec-
onds by an aphid probing on an infected plant, these behaviors can
act to enhance virus spread34 and illustrate manipulation of an insect
vector by the virus. Interestingly, in addition to manipulating vectors,
CMV also may manipulate defensive signaling pathways in plants
that could result in enhanced vector survival37.

Our findings highlight the ecological and evolutionary signifi-
cance of vector manipulation by pathogens and parasites. Effects like
those we document for a plant virus, consistent with the VMH, may
be widespread since direct and indirect mechanisms that enhance
the spread of plant viruses should be favored by natural selection.
Furthermore, similar patterns in behavioral changes among vectors
of other plant pathogens, such as bacteria and phytoplasmas, which
are limited to sessile plant hosts, might also occur. Although our
results do not address the specific cellular and molecular mechan-
isms mediating direct plant virus effects on their vectors, they offer
strong quantitative evidence for the VMH, providing a foundation
upon which to base further studies of pathogen-mediated manipula-
tion of their vectors and the identification of underlying mechan-
isms. The evolution of host-vector interactions has recently been
suggested to be in part, mediated by virus transmission mechan-
isms38 underlying the importance of studying such interactions.
Greater understanding of host plant-virus-vector interactions has
the potential to improve management of vectors and plant diseases
in agricultural settings and enhance our understanding of the role
plant viruses play in natural settings39, including their effects on
ecological processes at the community and ecosystem levels38.

Methods
Virus maintenance and insect rearing. The model system for our study was the
wheat-R. padi-BYDV pathosystem. BYDV is exclusively transmitted among Poaceae
hosts by aphids, including R. padi, in a persistent circulative manner and the virus
does not replicate within the vector40,41. A Washington State isolate of BYDV-PAV
maintained by mass transfer of R. padi, the bird-cherry oat aphid, on cv. Sprinter
barley plants was used to inoculate wheat plants23. Rophalosiphum padi is the most
efficient vector of the BYDV-PAV serotype40. Both the virus and an infective colony
of R. padi are maintained at the University of Idaho (UI) Agricultural Biotechnology
Laboratory. Aphids were originally obtained from Washington State University and
are kept virus-infective through serial transfer23. A noninfective colony of R. padi was
derived from the infective colony and is maintained at the UI Manis Entomological
Laboratory. Infective and noninfective aphid colonies are reared on Sprinter barley in
environmental chambers (2062uC; 16 h light photoperiod). Aphids from each
colony are examined on a regular basis using RT-PCR tests to ensure that the
respective colonies remain virus-free or BYDV-PAV infected (see Supplementary
Methods).

Plant rearing and inoculation. Winter wheat cv. Lambert was used for all bioassays.
Seeds were planted at a density of one per pot in 10.2 cm2 plastic pots. Pots were filled
with a mixture of 6:1:0.02 ratio of Sunshine mix #1: sand: OsmocoteH, placed on trays
in an environmental chamber (2062uC; 16 h light photoperiod) and bottom watered.
After germination, plants were fertilized using a soluble N-P-K fertilizer (15:30:15)
biweekly.

Plant inoculations were done at the 2–3 leaf stage (14–16 days after planting).
BYDV-infected plants were obtained by caging 10 adult aphids from the infective
colony per plant for a 72 h virus inoculation access period23. Cages consisted of a
4-cm long piece of 23 mm dialysis tubing (14.6 mm D, Spectra/PorH) sealed on both
ends with a foam stopper. Since BYDV is exclusively insect-transmitted, all BYDV-
infected plants are fed-upon by aphids. Insect feeding may induce resistance in plants
and potentially affect the response of insects subsequently exposed to such plants23.
To account for such potential confounding effects sham-inoculated plants were
produced and served as virus-free controls. Sham-inoculation was conducted by
caging 10 adult aphids from the noninfective colony per plant for 72 h23.

Infective and noninfective aphid handling. To examine effects of plant virus
acquisition from infected plants on host selection behavior, apterous aphids (fourth
nymphal stage to early adults) originated from the respective infective and
noninfective colonies. Previous research in this pathosystem has focused on
aptera14,15,23,25. While alates are important vectors for long-distance dispersal events,
apterous aphid behavior can be used to predict severity of epidemics within a field
once the virus and vector are established21. Future studies will examine alate behavior
in response to BYDV-infection. Aphids for each treatment were individually removed
from plants using a number 3 camel’s hair brush and placed into vials (2.3x5.5 cm;
DxH). Fifty aphids were placed per vial. Vials were capped and aphids starved for one
hour prior to the bioassay. A total of 600 aphids of each treatment (infective and
noninfective) were tested among 12 replicates of the dual-choice bioassay described
below.

Aphids for the experiment to assess the direct effects of virus acquisition originated
from the noninfective R. padi colony. Tests were conducted using membrane feeding
chambers modified after Trębicki et al.26 (Fig. 3), containing artificial diet as described
by Ramsey and Jander42. After preparation the diet solution was sieved using a
bacteria-proof filter (0.2 mm cellulose acetate). To set up membrane feeding cham-
bers, the bottom halves of glass petri dishes (5.5 cm; D) were first sterilized under UV
light for 10 min. Aphids (fourth nymphal stage to early adults) were collected from
colony plants using a number 3 camel’s hair brush and placed in the petri dishes, 35
aphids per dish. ParafilmH, sterilized with 70% ethanol, was used as membrane
material. After placing the aphids in the petri dish, the dish was immediately sealed
with a layer of ParafilmH stretched tightly across the dish top. After all dishes were
sealed with the first ParafilmH layer 100 mL of artificial diet was pipetted onto the
membrane and a second layer of ParafilmH was stretched tightly to sandwich the
diet26. The diet was then spread across the surface of the membrane by applying
pressure to the top layer with a fingertip. Dishes were placed in a tray with moistened
filter paper and the tray covered with cling wrap and placed inside an environmental
chamber (2062uC; 16 h light photoperiod) for 24 h. Non-infective aphids were fed
on an amino acid and sucrose diet solution. To obtain infective aphids, insects were
fed on the same diet solution that was infused with purified BYDV at a concentration
of 100mg/mL. Virus was purified following a method adapted from Hammond et al.43,
and obtained from Dr. Alex Karasev, UI PSES Department. After a 24-h feeding
period, aphids were transferred into a vial as described above, starved for one hour
and released in a bioassay arena (see below). A total of 840 aphids of each treatment
were placed in membrane chambers, 600 were tested among 12 replicates of the dual-
choice bioassay described below. The remaining aphids were stored in 70% ethanol at
220uC to verify their status (infective vs. noninfective). Virus-infection status of
plants and aphids was determined using RT-PCR (See Supplementary Methods and
Supplementary Figures S1–S2).

We recognize that purified virus may contain phloem proteins. Such proteins have
been reported to occur in vivo, and were recently reported to play a role in virus
transmission44. Additional studies are required to determine if a virus-plant protein
complex is present in vitro and if such a complex could contribute to behavioral
changes in vectors.
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Bioassays to assess aphid preferences. Dual-choice bioassays were performed 40–46
days after plant inoculation, utilizing an arena adapted from Castle et al.22 (Fig. 1). The
base of the arena was glued into the lid portion of a 15 cm D petri dish. The platform
of the arena consisted of the inverted bottom of the petri dish with a 2.5 cm D hole cut
in the center. A clear plastic tube (16x2.5 cm; LxD) was inserted into the bottom of the
dish and secured with glue. The arena was wrapped in a heavy weight mylar frame
(30.5x46.1 cm; WxL) to add stability to the structure. Holes were cut in the mylar,
four (2 cm; D) equally spaced around the top and two (8x8 cm2) in the bottom to
access the arena. One leaf still attached to the plant from each treatment (BYDV-
infected and sham-inoculated) was inserted through holes on either side of the arena
and held in place with a cotton seal. A vial (5.5x2.5 cm; LxD) containing 50 aphids,
starved for one hour, was inserted into the bottom of the plastic tube leading to the
arena. Apterous infective and noninfective aphids were released simultaneously into
separate arenas. Aphids crawled up the tube and emerged onto a platform with one
leaf from each treatment on either side (3 cm on either side of where aphids entered
the arena). Aphids were able to settle on, feed and move between the two leaves.
Aphids were released at the start of a dark period and monitored every 12 h
(alternating dark and light times) for a 72-h period. The number of aphids on each leaf
was counted at each observation, using a red light when monitoring during the dark
cycles14. Assays were conducted in a growth room (1463uC; 12 h light photoperiod).
One replicate consisted of an arena containing infective aphids paired with another
arena containing noninfective aphids, constituting a single block. Twelve replicates
were performed across time in a randomized complete block repeated measures
design.

Data analysis. The proportion of aphids responding to either the BYDV-infected or
sham-inoculated plant treatment was compared using a generalized linear model
assuming a binomial distribution and logit transformation (SAS, Proc Genmod).
Logit transformation was performed to stabilize the variance and meet the
assumptions of normality for analysis. Aphids not located on either plant leaf in an
arena were considered non responsive and excluded from the analysis. The partial
model examined the main effects of replicate (block; n 5 12) and aphid treatment
(infective or noninfective). The analysis was conducted separately four times, once for
each plant treatment (BYDV-infected or sham-inoculated) for the indirect effects
experiment (aphids reared on noninfected plants or virus-infected plants)
(Supplemental Table S1a-b) and the direct effects experiment (aphids fed on
membrane chambers with or without virus) (Supplemental Table S1c-d). The full
model examined the main effects of replicate, aphid treatment and time (n 5 6)
assuming a compound symmetric correlation. The time variable examined
observations made at 12, 24, 36, 48, 60 and 72 h after release using a repeated
measures design. Observations made at 12, 36, and 60 h were recorded in the dark.
Light and dark observations were examined with the model separately and no
significant interactions were observed, thus results were pooled in the overall analysis
(Supplemental Table S2). All statistical tests (likelihood ratio x2) were carried out at
the alpha 5 0.05 level of significance.
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Changes in green peach aphid responses to potato leafroll virus-induced volatiles
emitted during disease progression. Environ. Entomol. 38, 1429–1438
(2009).

17. Ngumbi, E., Eigenbrode, S. D., Bosque-Pérez, N. A., Ding, H. & Rodriguez, A.
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