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Introduction secretion of aphid saliva directly into the host-stylet interface [4],
suggests that molecules present in the saliva may perturb plant
Like most plant parasites, aphids require intimate associationsellular processes while aphids progress through different feeding
with their host plants to gain access to nutrients. Aphidsstages. Interestingly, the knock-down of @@02salivary gene in
predominantly feed from the plant phloem sieve elements, and\cyrthosiphon pi§pea aphid) negatively impacts survival rates of
use their stylets to navigate between the cells of different layers thfis aphid on plant hosts [5,6]. Furthermore, proteomics studies
leaf tissue during which plant defenses may be triggered. Indeetdiased on artificial aphid diets showed the presence of secreted
aphid feeding induces responses such as clogging of phloem sigveteins, including C002, in aphid saliva indicating that these
elements and callose formation, which are suppressed by the aphidoteins are delivered inside the host plant during feeding [7,8].
in successful interactions with plant hosts [1]. In addition, someéHowever, whether and how these aphid salivary proteins function
aphid species can alter host plant phenotypes, by for exampli@ the plant host remains elusive.
inducing the formation of galls or causing leaf curling [2] Suppression of host defenses and altering host plant phenotypes
indicating that there is an active interplay between host andis common in plant-pathogen interactions and involves secretion of
aphid at the molecular level. During probing and feeding, aphidsmolecules (effectors) that modulate host cell processes [9,10].
secrete two types of saliva: gelling saliva, which is thought t®herefore itis likely that aphids, similar to plant pathogens, deliver
protect stylets during penetration, and watery saliva, which isffectors inside their hosts to manipulate host cell process enabling
secreted into various plant host cell types and the phloem [3]. Thesuccessful infestation of plants [9]. Effector-mediated suppression



M. persicaeCandidate Effectors

plants infected with PVXBgfp (vector) or PVX-Mp10 as well as non-infecte. benthamianaplants (Nb, -pvx). Primers were used to amplify
sequences corresponding to the PVX virus coat protein (CP) and Mp10. The plant tubulin gene (Tub) was used as a control for equal RNA levels. Plant
tissues were harvested 14 dpwi (F) Over-expression of 35S-INF1 and 35S-Mp3@Girisilenced (TRV-SGT1) and control (TRVpenthamianglants.

Photos were taken 4 dpi. (G) Percentage of infiltration sites showing either INF1 cell death or Mp10 chlorosis 4 di@®@f4silenced and controlN.
benthamianaplants. The graphs show the averages calculated from 3 replicated experiments, with 8-10 infiltration sites per individual replicate. Error
bars indicate the standard error. H) Semi-quantitative RT-PCRS#hT4silenced and controIN. benthamianaplants with SGT4specific primers. The

plant tubulin gene (Tub) was used as a control for equal RNA amounts.

doi:10.1371/journal.pgen.1001216.g002

were harvested from infiltrated leaves one day after agroinfiltratioteaves. Two candidates, Mp10 and Mp42, reduced aphid
and placed upside down on water agar in 24-well plates. Four firstfecundity in three repeated confirmation assays compared to the
instar nymphs were placed on each leaf disc and the plate wasector control (Figure 4B). In addition, one candidate, MpC002,
incubated up-side-down under a light source. Aphids were moveenhanced aphid fecundity in three repeated confirmation assays
every 6 days to plates with freshly infiltrated leaf discs, asompared to the vector control (Figure 4B). Transient overex-
expression levels of green fluorescent protein (GFP) in leaf digagession of Mp10 did not induce chlorosis in leaf discs (Figure S7)
were constant during 6 days and then tapered off (Figure S5). Ther leaves that were detached from the plant 24hrs after infiltration
aphids placed initially on the leaf discs generally started producinfdata not shown). Thus, leaves need to be attached to the plant for
nymphs after about 10-11 days. Nymph production (fecundity)chlorosis to occur and the chlorosis itself was therefore not likely
was assessed on day 12, 14 and 17 by counting and removinigsponsible for the observed reduction in aphid performance. In
newly produced nymphs on each leaf disc. The total nymphsummary, we have developed a novel assay to screen for effects of
production per adult was calculated and compared among thdn planta@xpressed aphid salivary proteins on aphid performance
treatments and GFP and vector controls. and thereby identified three candidates that potentially function as
In our initial screens, in which candidate effector constructseffectors by eliciting plant defenses or promoting aphid infestation
were infiltrated on different leaves and not always side-by-side withf host plants.
the vector control, we identified 14 candidates that either
enhanced or reduced aphid fecundity by one time the standardtHomology searches of Mp10, Mp42, and MpC002
error compared to the empty vector (EV) control (Figure S6). To To determine whether the candidates that alter aphid fecundity,
confirm the effect on aphid fecundity of these 14 candidates, wé.e. Mp10, Mp42, and MpC002) share similarity to proteins of
conducted additional assays in which the candidates werknown or predicted function, we performed BLAST searches
infiltrated side-by-side with the vector control (EV) on the sameagainst the GenBank non-redundant (nr) protein database (E

Figure 3. Mp10 suppresses the oxidative burst induced by flg22, but not chitin, in N. benthamiana. The induction of reactive oxygen
species (ROS) induced by the flg22 and chitin was measured using a luminol-based assay. (A) The ROS response induced byMg@erithamiana

leaf discs overexpressing Mp10, AvrPtoB (positive control) and the vector control upon agroinfiltration. The maximum photon count is based on the
average of 8 leaf discs. The experiment was repeated 3 times with similar results. Error bars indicate standard error. Asterisks indicate dtatistica
significance compared to the vector control (g=0.043) (B) The ROS response induced by chitinNnbenthamianaeaf discs overexpressing Mp10,
AvrPtoB (positive control) and the vector control upon agroinfiltration. The maximum photon count is based on the average of 8 leaf discs. The
experiment was repeated 3 times with similar results. Error bars indicate standard error. Asterisks indicate statistical significance compatteal to
vector control (p=0.028).

doi:10.1371/journal.pgen.1001216.g003
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number of nymps produced per adult

Figure 4. A medium-throughput leaf disc-based assay identifies M. persicaeeffector candidates that affect aphid performance. (A) A

novel medium-throughput assay to determine whetherin planta overexpresssion of effector candidates affects aphid performance. i) Effector
candidates are overexpressed iNicotiana benthamianay agroinfiltration. ii) One day after agroinfiltration leaf discs are harvested from infiltration
sites using a cork borer. Leaf discs are placed upside-down on water agar in a 24-wells plate. iii) Four first-instar nymphs are placed on each leaf disc
and wells are covered with individual mesh caps. Every six days these four aphids are moved to fresh leaf discs overexpressing the effector
candidates. iv) Nymph production is assessed up to 17 days after placing first-instar nymphs on the leaf discs on day 1. (B) Overexpression of Mp10
and Mp42 reduces aphid nymph production (fecundity) and overexpression of MpC002 increases aphid nymph production. For each effector
candidate, agroinfiltrations and aphid assays were performed side-by-side with the vector control (vector). Graphs show the average number of
nymphs produced per adult based on 3 replicated experiments, each consisting of 6 replicated leaf discs per candidate effector construct (n=18).
Error bars indicate the standard error. Asterisks indicate statistical significance compared to the vector control based on a one-way ANOVA (Mp10:
p=0.026, Mp42: =0.036 and MpCOO2: §0.038).

doi:10.1371/journal.pgen.1001216.9004

value<10™%). One of the three candidates, Mp10 showed the mature protein regions may reflect that the functional domains
homology to an insect protein of predicted function, the olfactoryof these proteins have diversified due to distinct selective pressures.
segment D2-like protein (OS-D2-like protein). The OS-D2-like

protein is a member of a family of chemosensory proteins in aphidpiscussion

that contain the conserved cysteine patterndCX 15CX,C [43].

Mp10 also shows similarity to chemosensory proteins (CSPs) fromAPhids, like other plant parasites, deliver repertoires of proteins
other insects (E valsgl0™®), including the CSP5 protein from the inside their hosts that function as effectors to modulate host cell
mosquitoAnopheles gan{Bigere 5A). The four cysteines in Mp10 Processes. These insects most likely secrete effectors into their
are conserved among different members of the CSP family [44,453aliva while progressing through the different plant cell layers
(Figure 5A). Among the aphid sequences similar to Mp10during probing and feeding. The identification and characteriza-
polymorphisms are predominantly present after the predictedion of these proteins will reveal new insights into the molecular
signal peptide sequence, in the mature protein region. For Mp4dasis of plant-insect interactions. Here, we have described a
and MpCO002, similar sequences were identified in the genomdunctional genomics pipeline to identifil. persicaeffector
sequence of the aphid spedlesisuronly, but these proteins have candidates as well as various assays to determine whether the
no similarities to proteins with known functions. Alignment of candidates share features with plant pathogen effectors. Using this
Mp42 to a putativeA. pisumhomolog shows strong sequence approach, we identified three candidate effectors, Mp10 and
divergence especially in the mature protein regions (Figure 5BMp42, MpCO002 that modulate host cell processes and affect aphid
Finally, alignment of MpC002 ta\. pisun€002 shows sequence performance.

divergence consisting of both amino acid polymorphisms and a 45 The induction of chlorosis and local cell death by Mp10 can
amino acid gap irA. pisun€002 after the predicted signal peptide reflect a genuine effector activity of this aphid salivary protein.
sequence (Figure 5C). The presence of polymorphisms mainly ictopic expression of bacterial TTSS as well as filamentous plant
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control and GFP indicates the GFP control. Nymph production Table S3  Primer table.

was counted over a 17-day period. The average number ofound at: doi:10.1371/journal.pgen.1001216.s010 (0.11 MB
nymphs produced per adult was based on 3 replicated experibOC)

ments. Error bars indicate the standard error. Asterisks indicate

Mp candidates that were further tested in confirmation assays. Acknowledgments
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