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Recent studies have documented effects of plant viruses on host plants that

appear to enhance transmission by insect vectors. But, almost no empirical

work has explored the implications of such apparent manipulation for

interactions among co-infecting pathogens. We examined single and mixed

infections of two potyviruses, watermelon mosaic virus (WMV) and zucchini

yellow mosaic virus (ZYMV), that frequently co-occur in cucurbitaceae popu-

lations and share the same aphid vectors. We found that ZYMV isolates

replicated at similar rates in single and mixed infections, whereas WMV strains

accumulated to significantly lower levels in the presence of ZYMV. Furthermore,

ZYMV induced changes in leaf colour and volatile emissions that enhanced

aphid (Aphis gossypii) recruitment to infected plants. By contrast, WMV did

not elicit strong effects on plant–aphid interactions. Nevertheless, WMV was

still readily transmitted from mixed infections, despite fairing poorly in in-plant

competition. These findings suggest that pathogen effects on host–vector

interactions may well influence competition among co-infecting pathogens.

For example, if non-manipulative pathogens benefit from the increased vector

traffic elicited by manipulative competitors, their costs of competition may be

mitigated to some extent. Conversely, the benefits of manipulation may be lim-

ited by free-rider effects in systems where there is strong competition among

pathogens for host resources and/or access to vectors.
1. Introduction
The transmission of vector borne parasites is strongly influenced by the fre-

quency and nature of interactions between hosts and vectors [1,2], and a

growing number of studies in both animal and plant disease systems document

parasite-induced changes in host phenotypes that appear conducive to vector

transmission [3–6]. In plant pathogen systems, such effects include changes

in the quality of the host plant as a resource for herbivorous arthropod vectors

and in plant visual and olfactory characteristics that serve as arthropod foraging

cues [7–10]. Host manipulation by parasites is a paradigmatic example of

extended phenotypic effects [11], and some plant pathogens elicit functionally

complex changes in host phenotypes that bear the clear hallmarks of

adaptation—for example, pollinator-borne pathogens that induce the production

of false flowers or elicit flower-like characteristics in foliar tissues [12]. Where

pathogen-induced effects are less dramatic, it may be difficult to distinguish

adaptive manipulation from by-product effects of infection. However, it seems

likely that natural selection will rarely be indifferent to pathogen effects that

significantly impact vector transmission [13,14]. Furthermore, at least in the

case of plant viruses, there is some evidence that variation in patterns of pathogen

effects on host plants corresponds to variation in vector transmission mechanisms

[7,15] in ways consistent with the predictions of epidemiology models. This

applies, for example, to patterns of vector attraction and subsequent dispersal

from host plants that are conducive to pathogen spread [1,2].

The evolution of plant pathogen effects on host traits influencing inter-

actions with insect vectors is furthermore likely to be influenced by complex
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ecological interactions in natural systems where multiple

pathogens, hosts, insect vectors and non-vector herbivores

and predators coexist and interact. For example, pathogen-

induced changes in host phenotype that enhance vector

recruitment may also thereby increase the total virulence of

the pathogen via increased herbivory, and may also increase

the probability of host colonization by competing pathogens.

Moreover, where co-infection does occur, competing geno-

types or other pathogens with similar modes of transmission,

can potentially profit from the modified host phenotype

without paying the (presumed) costs of manipulation, creating

free-rider problems that often accompany the provision of

‘public goods’ [16]. The outcomes of such interactions are

likely to strongly influence the fitness of ‘manipulative’ patho-

gens, which ultimately depends not on how many vectors

visit or reside on host plants, but on how many disperse and

carry parasites bearing the genotype responsible for the

manipulation to new hosts.

To date, however, little work has directly explored

pathogen effects on host–vector interactions in complex

pathosystems. In particular, few studies have explored inter-

actions between potentially competing plant pathogens (but

see [16]). Somewhat more work has been done in animal sys-

tems, where studies have addressed parasites with complex

life cycles [14,17,18], and examined mixed parasite infections

[17,18] and within-population variation in manipulative traits

[19]. To address the relative lack of information about co-

occurring plant pathogens, the current study documented

effects of isolates of two frequently co-occurring plant

viruses, watermelon mosaic virus (WMV, formerly WMV-2)

and zucchini yellow mosaic virus (ZYMV), on host-plant

phenotypes and host interactions with a shared aphid

vector (Aphis gossypii) as well as the outcomes of competition

between these two viruses.

The interaction of WMV and ZYMV, two closely related

potyviruses (Potyviridae), is of particular interest because

these genetically distinct virus species belong to the same

subgroup [20] and appear to have similar ecological niches,

suggesting that competition between these viruses might be

an important factor influencing their evolution. WMV and

ZYMV have overlapping host ranges (primarily comprising

cucurbits [21,22]), cause similar symptoms [22] and are trans-

mitted (non-persistently) by the same aphid species, although

with differing efficiency [23]. Like other potyviruses, WMV

and ZYMV have unipartite single-stranded positive sense

RNA genomes (similar in size and organization [20,24]) encod-

ing a polyprotein, and both use a helper-component protein

for attachment to the aphid stylet [25]. The co-occurrence

of WMV and ZYMV in the same host populations—and in

individual plants—has been reported frequently for both

cultivated and wild hosts [26–28]. But co-infection does not

appear to cause severe synergistic effects on virulence [29]

such as those reported for double infections of some viruses

in the genus Potyvirus together with viruses from other

genera such as Cucumovirus (family Bromoviridae [30]) or

Potexvirus (family Alphaflexiviridae [31])—such effects in fact

appear to be relatively rare, and co-occurring viruses in natu-

ral landscapes more typically form complex communities

displaying weaker interactions [32,33].

The current study specifically examined (i) how different

isolates of WMV and ZYMV accumulate within-host plant tis-

sues in single and mixed-inoculation treatments, and (ii) how

these viruses (occurring in single and mixed infections)
affect host-plant traits that influence plant quality for and

attractiveness to aphids.
2. Material and methods
(a) Materials
All experiments used a cultivated inbred line of squash

(Cucurbita pepo cv. ‘Dixie’, Willhite Seed Co.), allowing us to

focus on variation between virus isolates rather than plants. A

single A. gossypii colony, reared on squash, supplied individuals

for all experiments. Isolates of WMV and ZYMV were collected

from wild cucurbits. ZYMV-RSHS and WMV-RS22 were both

collected from C. pepo subsp. texana grown in an experimental

plot in Rocksprings, Pennsylvania, USA (in 2007 and 2010,

respectively). WMV-HQ11 was collected in 2009 from a sympto-

matic C. pepo subsp. ozarkana alongside the Illinois River near

Saint Louis (Missouri, USA). ZYMV-HBCF was collected in

2009 from a symptomatic Cucurbita foetidissima in Hornsby

Bend near Austin (Texas, USA). All isolates (and ZYMV–WMV

combinations) were used in experiments assessing virus replica-

tion rates and in-plant competition between ZYMV and WMV

in co-infection. Isolates WMV-HQ11 and ZYMV-HBCF were

further used in assays examining the effect of mixed infections

on diseased host plant phenotypes compared with single infec-

tions (in preliminary assays these isolates produced somewhat

more apparent changes in host plants than their respective

conspecific variants).

Sequences obtained for the coat protein from these ZYMV

[34] and WMV isolates (see the electronic supplementary

material, table S1) ensured that they were genetically distinct,

and that samples used for stock tissues did not harbour mixed

infections of these viruses. All isolates were mechanically propa-

gated for two generations on C. pepo from a single initially

collected leaf stored at 2808C. In all experiments, seven-day-

old seedlings were inoculated using a potassium-phosphate

buffer of frozen standardized amount of ground infected leaf

tissue, or clean buffer for mock-inoculated controls (see the elec-

tronic supplementary material and [7]), as is commonly done in

mixed-infection experiments with potyviruses [30,31]. Although

this method did not allow precise control of the quantity of infec-

tious particles to which the experimental plants were exposed, all

individual isolates produced symptomatic infections in more

than 73 per cent of cases in three independent series of inocu-

lations performed using the same protocol and inoculum

stocks (ZYMV-HBCF: 96.5 + 3.4% (n ¼ 29) ; ZYMV-RSHS:

100% (n ¼ 26); WMV-HQ11: 83.3 + 6.8% (n ¼ 30); WMV-RS22:

73.1 + 8.7% (n ¼ 26)); these infection rates represent a minimal

estimate for infectivity, as asymptomatic infections are known

to occur frequently with these viruses and cucurbit hosts [35].

Furthermore, an initial experiment revealed no significant

reduction in virus RNA accumulation in symptomatic plant

tissues two weeks after inoculation with serial dilutions (1, 1/2,

1/4 and 1/8) of the standardized inoculum, indicating that

the final carrying capacity of the host was not sensitive to this

range of variation in inoculum concentration (regression of

viral accumulation against dilution factor, n ¼ 8; Pearson’s corre-

lation coefficient ¼ 2 0.21 and 20.02, p-values ¼ 0.62 and

0.96 for ZYMV-HBCF and WMV-HQ11, respectively). In all the

following experiments, only host plants presenting mosaic

symptoms were included.

(b) Data dissemination and analyses
Viral sequences were deposited in Genbank (accession nos

JX028592-JX028595). Other data are available online via Dryad

Digital Repository (doi:10.5061/dryad.7db1n). All statistical

analyses were performed using JMP software (SAS institute).

http://dx.doi.org/10.5061/dryad.7db1n
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(c) Viral replication in plant tissues
Virus RNA amounts were estimated by RT-qPCR assays

quantifying WMV and ZYMV coat protein RNA sequences inde-

pendently (see the electronic supplementary material). As viral

RNA serves as mRNA for translation of a single polyprotein,

the copy number of a viral gene should reflect RNA copy

number in the host, although without discriminating between

encapsidated or non-encapsidated viral genomes. Seven-day-

old C. pepo plants were either mock inoculated, singly inoculated

with one of our four viral isolates, or inoculated with a 1 : 1

inoculum mixture of two isolates (each of four possible cross-

species combinations). For single inoculations, the inoculum

was diluted by half with buffer compared with mixed inocu-

lations, ensuring all plants received consistent inoculum

amounts of each individual viral isolate. Between eight and

12 replicates of each treatment were inoculated then randomized

and maintained in a growth chamber. Five plants of each

treatment (chosen randomly from plants showing mosaic symp-

toms) were used for analyses. Two weeks after inoculation, a

standardized sample of leaf tissue was collected by punching

a disk of 14 mm diameter from the left side of the last expanded

leaf of each plant, immediately frozen in liquid nitrogen, and

stored in 2808C until processing for RNA extraction and

RT-qPCR (see the electronic supplementary material). The absol-

ute number of virus coat protein RNA copies per ng of RNA

was determined for all WMV and ZYMV treatments with the

WMV coat protein or ZYMV coat protein assays, respectively.

The samples were also run with a C. pepo NADH gene assay to

ensure that cDNA synthesis had been successful. The entire exper-

iment was performed twice, and these replicate experiments were

treated as blocks in the statistical analyses (described below).

(d) Transmission from single and mixed infections
At the end of the second replicate experiment above, aphid trans-

mission trials were performed by placing 30 adult wingless

aphids on the last expanded leaf of each of the 40 experimental

plants for 15 min, then transferring them to the first true leaves

of three young C. pepo ‘Dixie’ plants (ten aphids per recipient

plant), where they were allowed to feed overnight and then

removed. The recipient plants were kept in a greenhouse until

the appearance of any mosaic symptoms. After two weeks, if

at least one of the three recipient plants was showing symptoms,

a piece of the symptomatic leaf was collected and the presence

and identity of virus RNA was determined as above.

(e) Statistical analyses for virus RNA quantities in plant
tissues and aphids

Virus RNA levels in plant tissues and aphids were analysed in sep-

arate ANOVAs for WMV treatments (in single and mixed infections

with ZYMV) and ZYMV treatments (in single and mixed infec-

tions with WMV) on log-transformed values to homogenize the

variance and normality of the data. The number of WMV RNA

copies was analysed with an ANOVA testing the effect of exper-

imental blocks, WMV isolate (HQ11 or RS22), ZYMV co-infecting

isolate (HBCF, RSHS or none) and their interaction. Similarly,

the ANOVA on ZYMV RNA copy number tested the effects of

experimental blocks, ZYMV isolate (HBCF or RSHS), WMV

co-infecting isolate (HQ11, RS22 or none) and their interaction.

( f ) Effects on plant size (virulence) and leaf coloration
As host growth reduction is a common estimate for virulence in

plant pathology [36], the impact of WMV and ZYMV and their

co-infection on host plant fitness was estimated as the change

in plant size compared with mock-inoculated plants in the

virus quantification experiments. The area of exposed plant surface
can also be of importance from the point of view of aphid localiz-

ation by visual cues and was highly correlated with dry weight in a

subset of plants (Pearson’s correlation¼ 0.94, p-value , 0.0001,

n ¼ 49 in the first block if experimental plants). Photographs

(taken two weeks after inoculation) of all plants in the virus repli-

cation experiments described above, including 17 mock-inoculated

plants, were analysed using IMAGEJ software to determine the total

exposed leaf surface area. Using the same software, we also quan-

tified the mean red, green, and blue colour components of the

leaf surface. The surface-area data were Box-Cox transformed

and analysed with an ANOVA testing the effects of ‘inoculation

type’ (mock-inoculated plants, single WMV infections, single

ZYMV infections and mixed infections), with ‘isolates’ nested

within ‘inoculation type’ and block as explanatory variables. The

three colour variables (RGB 0–255) were analysed jointly via

MANOVA using the same model. A principal component analysis

(PCA) was also performed to detail effects on each component of

total plant coloration.

(g) Organic volatile collection and quantification
Volatile organic compounds emitted by whole plants mock-

inoculated, singly inoculated with either WMV-HQ11, ZYMV-

HBCF, or inoculated with a 1 : 1 mixture of these two isolates

were collected onto adsorbent filters via a push–pull volatile-

collection system and analysed via GC–MS (see the electronic sup-

plementary material methods). Six-h collections (09.00 to 15.00)

were performed on seven replicates of each treatment distributed

in five consecutive blocks/days. Total volatile production for

each treatment was log-transformed and compared by ANOVA

with treatment and block as explanatory variables. The 16 main

individual compounds collected (log-transformed) were analysed

by MANOVA, again using treatment and block as explanatory

variables. The contribution of all these compounds to the total

variance of the experiment was investigated via PCA.

(h) Aphid performance experiment
Population growth was assessed among mock-inoculated plants,

plants singly inoculated with WMV-HQ11 or ZYMV-HBCF,

and plants inoculated with a 1 : 1 mixture of these two isola-

tes. Aphid populations were established on ten replicates of

3.5-week-old plants of each treatment by transferring 12 young

(first- and second-instar) A. gossypii onto the last fully expanded

leaf—to minimize maternal effects these aphids were born and

reared on a plant of the same inoculation status as the recipient

plant. The youngest three leaves and apex of each plant were

then caged with a fine mesh bag, and all 40 plants were random-

ized in a greenhouse under natural light. Cages were checked

after one day, and starting populations adjusted to 10 (if necess-

ary). The size of aphid populations was compared after 14 days,

using a one-way ANOVA with inoculation treatment as the

explanatory variable.

(i) Aphid preference experiment
Aphid preferences for infected versus mock-inoculated plants

were tested in an arena where aphids had access to both visual

and olfactory cues. Live (attached) leaves were presented

in pairs (one of each treatment) in a closed rectangular box (15.5 �
26 cm). Leaves passed through openings in the side of the box and

lay flat on its floor, equidistant from the median line of the arena.

Thirty wingless adult aphids, starved for 24 h prior, were then

released along the median line (we previously reported very similar

responses of winged and wingless A. gossypii odour cues elicited

by cucumber mosaic virus (CMV) [7]). The number of aphids pre-

sent on either leaf was recorded after 1 h. Three combinations

were tested: mock-inoculated versus WMV-HQ11-inoculated

plants; mock-inoculated versus ZYMV-HBCF-inoculated plants;
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and mock-inoculated versus plants inoculated with a 1 : 1 mixture of

these isolates. Dual choice tests for all three comparisons were run in

parallel, using new plants for each of the 10 replications and system-

atically alternating the spatial orientations of infected and mock-

inoculated plants. Paired t-tests were used to compare the number

of aphids on each of the two leaves.
3. Results
(a) Within-host accumulation of watermelon mosaic

virus and zucchini yellow mosaic virus isolates in
single and mixed infections

Of 40 symptomatic plants in the four mixed-inoculation treat-

ments of both blocked experiments, 36 (90%) had WMV and

ZYMV levels indicative of co-infection two weeks after inocu-

lation, whereas levels of WMV in three plants were below

sensitivity of the assay (so that single infection by ZYMV

could not be ruled out), and the opposite situation occurred

in one plant. Numbers of ZYMV virus RNA copies did

not differ between the two isolates tested (ANOVA on log-

transformed data, F1,53¼ 0.005, p-value¼ 0.94), nor between

single infections and co-infections with either WMV isolate

(F2,53 ¼ 1.1, p-value ¼ 0.34, figure 1a). Furthermore, there was

no difference between the two WMV isolates in single infec-

tions (F1,53 ¼ 2.41, p-value ¼ 0.12). However, the number of

WMV copies differed significantly among singly infected

plants and co-infections with either ZYMV isolate (ANOVA

on log-transformed values, F2,53 ¼ 14.71, p-value , 0.0001),

and co-infections yielded significantly fewer WMV genome

copies (contrast of single infection versus co-infection treat-

ments, F1,53 ¼ 28.9, p-value ,0.0001, figure 1b). Interaction

effects were never significant. The same pattern of reduced

WMV RNA in co-infection with ZYMV was observed in both

blocks of the experiment (entailing two entirely independent

series of inoculations).
(b) Aphid transmission of watermelon mosaic virus
and zucchini yellow mosaic virus in single and
mixed infections

While the scope of the current study does not allow us to

make statistically rigorous comparisons of virus transmission

rates for individual isolates, our transmission assays revealed

intriguing patterns between the two viruses. Of 40 total trials,

aphids successfully transmitted viruses to at least one recipi-

ent plant in 22 cases, corresponding to a general transmission

rate of 55 per cent (table 1). WMV in single infections was

successfully transmitted in eight out of 10 trials, compared

with four out of 10 for ZYMV, all involving isolate ZYMV-

RSHS. Half of the 20 plants in the mixed infection treatments

transmitted at least one virus species. One symptomatic

recipient plant in each replicate was analysed by RT-qPCR

assays for WMV and ZYMV coat protein RNA to determine

the presence of each virus in these secondary infected plants:

one transmission was WMV only, four were ZYMV only and

five had typical co-infection levels of both WMV and ZYMV

viruses. The global transmission success from mixed infections

of 30 per cent (n ¼ 20) for WMV did not significantly deviate

from the 45 per cent (n ¼ 20) success observed for ZYMV

from the same plants (x2
1d:f: ¼ 0:965, p-value ¼ 0.32). The

latter result suggests that WMV isolates can frequently be trans-

mitted from mixed infections despite the low accumulation for

WMV in plant tissues in the presence of ZYMV. Interestingly,

although no successful transmission of single infections with

the ZYMV isolate HBCF was observed, two of the successful

transmissions from mixed infections involved this isolate.
(c) Virulence of watermelon mosaic virus and zucchini
yellow mosaic virus in single and mixed infections

Plant surface area differed significantly among the four basic

types of inoculation, with mock-inoculated plants being



Table 1. Aphis gossypii transmission assays. (Numbers of successful transmissions of each virus species, i.e. transmitted to at least one of the triplicate recipient
plants, from all possible combinations of single and mixed-virus infection treatments.)

treatment of the infectious plant

virus species in the recipient plant

WMV ZYMV co-infection no symptoms

WMV isolates

WMV-HQ11 3/5 — — 2/5

WMV-RS22 5/5 — — 0/5

total WMV 8/10 — — 2/10

ZYMV isolates

ZYMV-HBCF — 0/5 — 5/5

ZYMV-RHSH — 4/5 — 1/5

total ZYMV — 4/10 — 6/10

co-infections

HQ11 versus HBCF 1/5 1/5 0/5 3/5

HQ11 versus RSHS 0/5 1/5 2/5 2/5

RS22 versus HBCF 0/5 0/5 1/5 4/5

RS22 versus RSHS 0/5 2/5 2/5 1/4

total co-infections 1/20 4/20 5/20 10/20
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larger than all classes of virus infected plants, and plants

infected with ZYMV in either single or co-infections being

smaller than those with single infections of WMV (ANOVA

on Box-Cox transformed plant surface, ‘inoculation type’

effect F3,87 ¼ 36.53, p-value ,0.0001). Thus, all isolates influ-

enced plant performance, but ZYMV appeared more

virulent than WMV. There was no significant variation in sur-

face area between isolates within each virus species, or

between the four mixed species co-infections (ANOVA on

Box-Cox transformed plant surface, ‘isolate’ nested within

‘inoculation type’ effect F5,87¼ 1.12, p-value ¼ 0.35). Among

all plants from single ZYMV inoculation treatments, there

was a slightly non-significant negative correlation (Pearson’s

correlation coefficient ¼ –0.44, p-value ¼ 0.053, n ¼ 20)

between plant surface and ZYMV accumulation (log-trans-

formed), whereas no correlation was detected with WMV

levels in single WMV inoculation plants (Pearson’s correlation

coefficient ¼ –0.20, p-value ¼ 0.39, n ¼ 20).
(d) Changes in leaf coloration
Inoculation type had a significant effect on plant colour of symp-

tomatic plants (Wilk’s l ¼ 0.36, approximate F9,207.02 ¼ 11.99,

p-value , 0.0001). Single WMV, single ZYMV and mixed

infections were all significantly different from mock-inoculated

plants (MANOVA contrasts, F5,83 ¼ 14.87–28.17–27.66, res-

pectively, all p-values , 0.0001). WMV single infections also

differed from ZYMV or mixed ZYMV–WMV infections

(MANOVA contrasts, F5,83 ¼ 8.04 and 8.80, respectively, both

p-values , 0.0001), which did not differ from one another

(MANOVA contrasts, F5,83 ¼ 0.79, p-value . 0.50). The first

PCA component—combining red and green—explained 63.5

per cent of the variance and separated the ZYMVand co-infected

plants from mock-inoculated and WMV-infected ones (see the

electronic supplementary material, figure S1). This reflects an

increase in yellow coloration in ZYMV and mixed-infection

plants. The second component—representing mainly the blue
colour component—explained 32.9 per cent or the remaining

variance and separated all virus-infected plants from the

mock-inoculated controls. There was no significant difference

in mean values of red, green and blue colour components

between isolates of the same virus or between the different

mixed infections (Wilk’s l ¼ 0.81, approximate F15,235.05 ¼ 1.24,

p-value¼ 0.24).
(e) Emissions of volatile organic compounds
Sixteen volatile compounds were consistently observed

across treatments, with overall higher amounts of total volatiles

observed for plants infected with ZYMV-HBCF, either

alone or in co-infection with WMV-HQ11, compared with

mock-inoculated plants or plants infected by WMV-HQ11

alone (ANOVA on log-transformed values of total volati-

les emitted, F3,20 ¼ 22.82, p-value , 0.001; figure 2a).

A MANOVA on all 16 compounds (after log-transformation)

confirmed that the four treatments differed significantly

(Wilk’s l ¼ 2.95.1024, approximate F48,15.6¼ 4.69, p-value ¼

0.0008). PCA revealed that 42.3 per cent of the variance

between the samples was explained by a first component com-

bining the compounds limonene, linalool, benzaldehyde,

benzyl alcohol, linalool oxide, E-b-ocimene, nonatriene,

methyl-salicylic acid and germacrene D, which were all elev-

ated in ZYMV-infected plants of both single and mixed

treatments. The second principal component, explaining

25 per cent of the variance, included the compounds 1-octen-

3-ol, two unidentified compounds (Unk2 and Unk3), and

a-humulene and b-sesquiphellandrene, two sesquiterpenes

that were absent or very rare in ZYMV-infected plants (see

the electronic supplementary material, table S2 and figure S2).
( f ) Aphid performance
Two weeks after establishment, the number of aphids was

on average twice as high in both ZYMV-HBCF-infected
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plants co-inoculated with both viruses (‘mix’, dark grey bars). (a) Average of the cumulated emission of the 16 main organic volatile compounds (+s.e., seven
replicates of each treatment); (b) Aphid performance estimated as the average number of aphids in colonies after two weeks (+s.e., ten replicates); (c) Aphid
preference in choice arenas for control or virus-infected plants estimated as the average numbers of aphids (+s.e., 10 replicates of each test) on exposed leaves for
each of the three types of dual choice tests. Different letters above the bars indicate groups that are significantly different ( p-value ,0.05). *Paired t-test significant
with p-value ,0.05.
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and mixed-infection treatments compared with mock-

inoculated and WMV-HQ11-infected plants (One-way

ANOVA, F3,35 ¼ 6.60, p-value ¼ 0.0012, figure 2b).
(g) Aphid choice between mock- and virus-inoculated
plants

Significantly more aphids were found on infected leaves than

on control leaves both for ZYMV-HBCF infections (paired

t-test, t-ratio9d.f. ¼ 2.39, p-value ¼ 0.04) and mixed WMV–

ZYMV infections (t-ratio9d.f. ¼ 2.41, p-value ¼ 0.039). In

contrast, aphids did not discriminate leaves from plants

infected with WMV-HQ11 alone from control leaves

(t-ratio9d.f. ¼ 0.96, p-value ¼ 0.36, figure 2c)—though higher

overall numbers of aphids were found on both leaves of

this test compared with other assays, likely because the
WMV-infected plants had larger leaves and were paired

with similar sized control leaves.
4. Discussion
Our results suggest that within host replication in C. pepo
plants manually co-inoculated with WMV and ZYMV was

dominated by the latter. We measured similar final RNA

copy numbers for both of the ZYMV isolates examined,

and these levels were little influenced by the presence of

WMV isolates in co-infection (figure 1a). In contrast, both

of the WMV isolates examined experienced significantly

reduced replication in the presence of either ZYMV isolate,

compared with their accumulation in symptomatic plants

with single infections (figure 1b), and there was no significant

genotype-by-genotype interactions between treatments.

Despite the likelihood of some differences in inoculum
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infectivity among ZYMV and WMV isolates (our WMV

strains exhibited a 20% lower overall probability of develop-

ing symptomatic infections compared with ZYMV strains),

it is unlikely that such effects can explain the two order of

magnitude reduction observed for WMV in the presence of

ZYMV—particularly as preliminary serial-dilution assays

indicated that final virus population sizes were resilient to

changes in initial inoculum concentrations. It is certainly

possible that the outcome of interactions between ZYMV

and WMV might be sensitive to the initial conditions under

which in-plant competition takes place (e.g. the relative

timing of infection by each virus and/or differences in popu-

lation size during the early stages of co-infection) so that

different alternative scenarios might yield different outcomes.

Nevertheless, under the conditions tested here, there is little

doubt that the presence of ZYMV exerted a negative effect

on the replication of WMV in co-infection, while no similar

reciprocal effect was observed.

Despite their lower accumulation levels in mixed-infected

plants, however, WMV isolates were still readily transmitted

from these plants to new hosts by aphids. On the other hand,

the ZYMV-HBCF isolate failed to be transmitted from single

infections in any of our subsequent assays, while it was trans-

mitted from mixed infections with WMV isolates (table 1).

This pattern suggests that this ZYMV-HBCF may have a

deficiency with respect to aphid transmission that is miti-

gated by the presence of its closely related competitor.

Similar transmission rescue has previously been observed

in plant viruses [37,38], including another isolate of ZYMV

[39] possessing a deficient helper-component protein that

functions in virion attachment to aphid mouth parts [25].

In addition to being the major virus accumulating in infected

tissues, we found that ZYMV induces significant alteration of

host plant traits mediating interactions with aphid vectors.

ZYMV-infected plants, and plants with mixed ZYMV–WMV

infections, supported significantly higher levels of aphid

population growth than plants with WMV infections or unin-

fected controls (figure 2b). The finding that ZYMV enhances

plant quality for aphids runs counter to the apparent tendency

of non-persistently transmitted viruses such as ZYMV (and

WMV), which can be readily acquired and transmitted by

aphids during brief probes of infected tissues and are thus

thought to benefit from frequent aphid movement among

plants, to more often reduce host plant quality for vectors than

persistently transmitted viruses, whose acquisition typically

requires sustained aphid feeding on the phloem of infected

plants [15]. But these results are consistent with those of a pre-

vious study reporting higher reproductive rates for the same

aphid species on similar young ZYMV-infected plants [40],

and higher vector load on host plants can also permit a larger

transmission of viruses when it favours the presence of

predators, which may trigger alate dispersal [41,42].

In keeping with the enhanced quality of plants harbouring

ZYMV for aphids, a preferential aphid attraction to the leaves

of plants with ZYMV or mixed infections was observed,

whereas plants harbouring single WMV infections were

not significantly more attractive than uninfected controls

(figure 2c). These aphid preferences were likely mediated by

plant-derived olfactory and visual cues, as aphids are known

to use both to locate host plants while walking [43–45]. Both

plant volatile emissions and leaf-colour profiles were also

altered to a much greater extent by ZYMV than by WMV,

whereas mixed infections elicited a phenotype similar to that
exhibited by plants with single ZYMV infections (see figure 2a
and electronic supplementary material, S1 and S2). Plants

harbouring ZYMV in single or mixed infections emitted signi-

ficantly higher total amounts of organic volatile compounds

than controls or WMV plants (figure 2a). Furthermore, there

were characteristic qualitative differences in the blends of

these plants, as the emission of some sesquiterpenes com-

pounds was reduced in plants harbouring ZYMV, despite the

overall elevation of emissions (see the electronic supplementary

material, table S2 and figure S2). We previously hypothesized

that qualitative changes in volatile emissions (or other cues),

which consequently produce a characteristic signature of infec-

tion, might be commonly induced by pathogens that enhance

host quality for vectors, while pathogens that reduce host qual-

ity for vectors might more frequently exaggerate existing host

location cues [7], a pattern consistent with some recent empirical

findings [3,7,15]. Plants with ZYMV and mixed infections also

exhibited significant changes in leaf coloration compared with

controls, with elevation on the green and red components (i.e.

more intense yellow coloration) and reduction of the blue com-

ponent (which was also observed for single WMV infections;

electronic supplementary material, figure S1). Aphids typically

exhibit a preference for yellow and an aversion to blue to

ultraviolet coloration (reviewed in Doering & Chittka [43]).

The aphid-attractive changes in plant visual and olfactory

cues induced by ZYMV infection may facilitate trans-

mission—vector attraction to infected leaves is theorized to

favour the spread of non-persistent viruses, particularly

during the early stages of epidemics [2]—and thus may be

examples of host manipulation. Alternatively, these effects

might be fortuitous by-products of infection, as ZYMV exhib-

ited the highest virulence although with little correlation with

its in planta accumulation. The fact that similar effects are not

observed for WMV, despite the close relationship between

these two viruses, however, suggests these changes of key

host traits mediating vector attraction are not unavoidable

aspects of viral pathology. In any event, the dramatic differ-

ences in the effects elicited by these two closely related and

frequently co-occurring viruses raise interesting questions

about the potential selection pressures bearing on the evol-

ution of such effects in natural environments.

For example, the fact that plants with mixed infections clo-

sely resemble those infected by ZYMV alone suggests that

WMV present in co-infected plants might benefit from any

enhancement of aphid-transmission opportunities created by

ZYMV-driven changes in host traits. Such an ability to increase

transmission between hosts by free-riding on the ‘manipulative’

effects of ZYMV might to some extent mitigate the reduced rates

of within-host replication that we consistently observed for

WMV in mixed infections—such compensatory effects are cer-

tainly plausible, since as noted above we observed WMV to

be readily transmitted from plants with mixed infections

(more than 50% of new infections arising via aphid transmission

from mixed-infection source plants included this virus). This

observation may be relevant in understanding how these two

viruses coexist while inhabiting very similar ecological niches

(i.e. overlapping host and vector ranges), as previous work

suggests that differential competitive ability for within-host

replication and/or for vector transmission between hosts can

lead to strain or species displacement [46,47]. Furthermore,

although ZYMV did not appear to suffer any significant

reduction in within-plant replication in the presence of WMV,

free-riding by WMV might reduce the potential benefits of
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host manipulation for ZYMV to the extent that these viruses are

in competition with one another for access to aphid vectors,

which currently remains unclear—transmission of each virus

requires the binding of virions to the aphid stylet, but little is cur-

rently known about the specific sites of attachment for these

viruses or whether they are shared [25].

These observations reflect more general questions about

the ecology and evolution of interactions among manipulative

and non-manipulative pathogens. For example, if access to

vectors is a limiting factor on pathogen transmission opportu-

nities, then sharing a vector (and/or optimal patterns of vector

behaviour with respect to hosts) with non-manipulative

competitors may reduce the fitness advantage of host manipu-

lations that influence the frequency and nature of host–vector

interactions. By analogy with free-rider strategies impeding the

evolution of stable cooperation, host manipulation might

thus tend to be an unstable strategy in the presence of non-

manipulative ‘cheaters’ [48], especially if they are unrelated

[16]. However, if competition for access to vectors is not

zero-sum, then free-riding by non-manipulative pathogens

may have limited impacts on the evolutionary dynamics of

the manipulators. Such factors influencing competition for

between-host transmission may interact with those influencing

within-host competition and effects on host virulence to deter-

mine the ultimate trajectory of coevolutionary interactions

among co-occurring pathogens.

While it is beyond the aims of the current study to deter-

mine exactly how these factors have shaped the ecology and

evolution of WMV and ZYMV, our findings suggest that vari-

ation in viral ‘strategies’ bearing on aphid–host interactions

and transmission exists in natural populations of closely

related and frequently co-occurring viruses. Thus, the com-

munity of potyviruses consisting of WMV and ZYMV

appears to be a useful system in which to further explore

the dynamics of these interactions and their impact on

pathogen evolution. Previous research on virus interactions

in co-infection has largely focused on somewhat atypical

virus associations exhibiting large synergistic virulence

effects (e.g. drastic changes in host size or longevity [49]),
and comparisons of their impact on plant-aphid relationships

are quite rare. In one example, mixed infections of potato leafroll

virus (PLRV; a persistently transmitted virus) with the potyvirus

potato virus Y exhibited an increase in virulence symptoms com-

pared with single infections, along with an increase in aphid

attraction and performance [50]. On the other hand, in another

well described synergy between CMV and potyviruses [30],

aphid transmission of either virus was less efficient in double

infections compared with single infections [51]. To our knowl-

edge, the current study is the first to investigate the

consequences of co-infection on aphid-related plant traits for

viruses exhibiting antagonistic competition (at least at the level

of in-plant replication), which likely reflects many of the inter-

actions between viral pathogens occurring in nature [52,53].

In addition to providing insight into the evolutionary

dynamics of co-occurring pathogens, further exploration of

this and similar systems may yield insights with significant

implications for the management of vectored plant pathogens

in natural and agricultural systems. The evolution of intricate

resistance and infectivity mechanisms through the constant

co-evolution of plants and their pathogens is now well described

and has been immensely useful in providing tools for breeding

resistant crops, but more stable or new control strategies are

always needed to keep up with pathogen evolution. Expanding

the knowledge of other battlefields of plant–pathogen inter-

actions such as the chemical ecology of their relationship with

insect vectors should thus inform the development of novel

strategies for sustainable management.
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