GroEL from the endosymbiont Buchnera aphidicola
betrays the aphid by triggering plant defense
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salivary proteins

likely to be secreted (10). However, direct profiling of the aphid
salivary proteome using mass spectrometry (MS) identified only
about three dozen secreted proteins (11–16). This apparent
discrepancy is likely due to the scarcity of saliva secreted by
aphids in vitro.
To characterize the aphid salivary proteome, saliva was collected from a large number of potato aphids (Macrosiphum
euphorbiae) and was profiled using high-throughput proteomicsbased liquid chromatography, nanoelectrospray ionization, and
tandem MS. Here we report the identification of aphid salivary
proteins among which are proteins of the endosymbiont Buchnera
origin and the recognition of one of these endosymbiont proteins,
the chaperonin GroEL, by the plant innate immune system.
Results and Discussion
Aphid Saliva Contains Large Numbers of Proteins. To characterize

the aphid salivary proteome, liquid and gelling saliva were collected in vitro in water from about 100,000 potato aphids. Proteins in the two types of saliva were profiled using MS. To
identify salivary proteins of aphid origin, the MS spectra were
searched against a predicted potato aphid proteome, which was
derived from transcriptome data, as the genome of the potato
aphid has not been sequenced. We identified a total of 94 aphid
proteins in combined gelling and liquid saliva (Dataset S1 and
SI Appendix, Text). The great majority of these proteins were
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lant sap-feeding insects such as aphids use a specialized elongated and flexible mouthpart, known as the stylets, to deliver
saliva into the host and suck nutrients. During host penetration,
aphids secrete two types of saliva: gelling saliva and watery saliva. The gelling saliva, which gels immediately upon deposition,
forms a sheath around the stylets inside the plant tissue, and
remains behind after the stylet is retracted. Recently, it has been
shown that components of aphid saliva play a role in modulating
plant host defense responses (1–3). Perception of microbial
pathogenes by the host immune surveillance system is initiated by recognition of microbe-associated molecular patterns
(MAMPs) by pattern recognition receptors (PRRs) whose activation results in pattern-triggered immunity (PTI) (4, 5). MAMPs
are typically proteins or nucleic acids that are essential signature
molecules of a class of microbes. It is not clear whether aphids
induce PTI, and no aphid-associated molecular pattern(s) has yet
been identified.
Aphids harbor Buchnera aphidicola, an obligate mutualist
endosymbiotic γ-Protobacterium that has coevolved with the
insect and is essential for its reproduction and survival (6). These
bacteria are housed within bacteriocytes, specialized aphid cells
in the insect hemocoel, where they function to provide essential
amino acids (7, 8). A possible role for the Buchnera endosymbiont in plant–aphid interactions has been speculated (9), but no
direct evidence for this interaction exists.
Recently, transcriptomic and proteomic analysis of pea aphid
(Acyrthosiphum pisum) salivary glands identified 324 proteins,
which based on the presence of secretion signal peptides are
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Aphids are sap-feeding plant pests of great agricultural importance. Aphid saliva is known to modulate plant immune
responses, but limited information exists about the composition of aphid saliva. By means of mass spectrometry, we
identified 105 proteins in the saliva of the potato aphid Macrosiphum euphorbiae. Among these proteins were some originating from the proteobacterium Buchnera aphidicola, which
lives endosymbiotically within bacteriocytes in the hemocoel of
the aphid. We demonstrate that one of these endosymbiontderived proteins, the chaperonin GroEL, is recognized by the
plant immune surveillance system and activates pattern-triggered immunity. Our findings indicate that the outcome of
plant–aphid interactions critically depends on a third element,
the aphid endosymbiotic prokaryotic component, which induces plant immunity.
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Aphids are sap-feeding plant pests and harbor the endosymbiont
Buchnera aphidicola, which is essential for their fecundity and
survival. During plant penetration and feeding, aphids secrete saliva that contains proteins predicted to alter plant defenses and
metabolism. Plants recognize microbe-associated molecular patterns
and induce pattern-triggered immunity (PTI). No aphid-associated
molecular pattern has yet been identified. By mass spectrometry,
we identified in saliva from potato aphids (Macrosiphum euphorbiae)
105 proteins, some of which originated from Buchnera, including
the chaperonin GroEL. Because GroEL is a widely conserved
bacterial protein with an essential function, we tested its role
in PTI. Applying or infiltrating GroEL onto Arabidopsis (Arabidopsis
thaliana) leaves induced oxidative burst and expression of PTI early
marker genes. These GroEL-induced defense responses required the
known coreceptor BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED
RECEPTOR KINASE 1. In addition, in transgenic Arabidopsis plants,
inducible expression of groEL activated PTI marker gene expression.
Moreover, Arabidopsis plants expressing groEL displayed reduced
fecundity of the green peach aphid (Myzus persicae), indicating
enhanced resistance against aphids. Furthermore, delivery of GroEL
into tomato (Solanum lycopersicum) or Arabidopsis through Pseudomonas fluorescens, engineered to express the type III secretion
system, also reduced potato aphid and green peach aphid fecundity,
respectively. Collectively our data indicate that GroEL is a molecular
pattern that triggers PTI.
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also predicted to be present in the genome of pea aphid whose
genome sequence has been published (17). Only four of the
identified 94 aphid proteins seem specific to potato aphids,
which is likely an underestimate because of the incomplete nature of the potato aphid transcriptome (Dataset S1). Of these
aphid proteins, seven (7.4%) were present only in the gelling
saliva, whereas 44 (46.8%) were present in both liquid and gelling saliva, suggesting either these proteins have affinity to stick
to the gelling matrix or remnants of the liquid saliva on the
parafilm pouches could have cross-contaminated the gelling
saliva. About 62 (66%) of these aphid proteins have no known
function; the remaining ones represented proteins with a plethora of functions such as oxidative stress responses or alcohol,
carbohydrate, and lipid metabolism (Dataset S1). A number of
the aphid salivary proteins seem to be aphid-specific and therefore are excellent candidates for the development of durable
pest-resistant crops using RNAi technology. Expressing silencing
transcripts specifically targeting such aphid-specific genes in
crops may result in high levels of pest resistance without leading
to off-target effects.
Because not all of the potato aphid transcriptome sequences
are full-length, we used the predicted proteins of their pea aphid
orthologs to predict their secretion. About 67% of these aphid
proteins were predicted to be secreted (Dataset S1). Among the
salivary proteins not predicted for secretion were chaperonins, as
well as proteins involved in energy metabolism or membrane
trafficking, and components of the cytoskeleton. Saliva was collected within a period of 16 h. The absence of dead aphids during
this period eliminated the possibility that these proteins were
products of histolysis. To identify the source of these unexpected
proteins, saliva collections were stained with 4,6’-diamidino-2phenylindole (DAPI) to search for nuclei. No nuclei were detected in these collections (SI Appendix, Fig. S1).
Aphid Saliva Contains Proteins from the Endosymbiont Buchnera. To
identify proteins of endosymbiont origin in the potato aphid
saliva, the obtained spectra were also searched against Buchnerapredicted proteins and 11 proteins were identified, four of which
were detected only in the gelling saliva. Interestingly, among the
Buchnera proteins was the chaperonin GroEL (Dataset S1). Of
the 12 GroEL-matching peptides, five were specific to GroEL
from Buchnera (Dataset S1). Using antibodies against Escherichia coli GroEL, the presence of this type of protein had been
reported in aphid saliva (18). More recently, using proteomics,
a single peptide matching to both E. coli and Buchnera GoEL
has also been identified in aphid saliva (12). Because of the
cross-reactivity of the GroEL antibody and the cross-match of
the GroEL peptide to E. coli and Buchnera, a conclusive determination of the origin of the GroEL in aphid saliva could
not be made.
Consistent with our finding of Buchnera proteins in the aphid
saliva is the recent identification of GroEL and additional
Buchnera proteins in the aphid honeydew collected while aphids
were feeding on the host plant (19). Honeydew is the excreted
sugary substance composed of ingested plant-derived and aphidproduced components. Because aphids ingest saliva while feeding (20) (SI Appendix, Text), honeydew is expected to contain
salivary components.
All Buchnera proteins identified in the aphid saliva are
abundant proteins, GroEL being the most abundant, constituting 10% of the Buchnera proteins (21). Because Buchnera are
housed within bacteriocytes, the discovery of Buchnera proteins
in the aphid saliva suggests that these proteins are present in the
hemolymph and are likely released into the salivary duct by
salivary gland cells. This release is likely to occur during bacteriocyte turnover and/or degeneration in the postreproductive
aphid stage (22, 23). Because bacteriocytes contain a full set of
eukaryotic organelles (24), it is likely that proteins of aphid
8920 | www.pnas.org/cgi/doi/10.1073/pnas.1407687111

origin in the saliva, not predicted for secretions, originate from
these cells too. These aphid proteins presumably are also released into the hemocoel during bacteriocyte degeneration and
move through the salivary gland cells. Movement of macromolecules from the hemocoel to the salivary gland is likely to be
a common means for elimination of macromolecules in aphids
(25–27) (SI Appendix, Text). How this movement is facilitated
remains to be investigated.
GroEL Induces Enhanced Resistance to Aphids. GroEL is one of the
abundant proteins in bacteria and has been shown to elicit immune responses in animal systems (28). Because a great majority
of aphids harbor Buchnera symbionts, we queried whether the
Buchnera GroEL is recognized by the plant innate immunity and
could serve as an aphid MAMP. To explore this possibility, we
cloned Buchnera groEL from potato aphids (SI Appendix, Fig.
S2) into the bacterial expression vector pVSP-PsSPdes, designed
for delivery of effectors into plant cells through the type III secretion system (T3SS). We introduced this construct into an
engineered Pseudomonas fluorescens, a nonpathogenic bacterium, with T3SS (Pfo+T3SS) for plant cell delivery (SI Appendix,
Fig. S3). Unlike strains carrying the β-glucuronidase (GUS)
control, tomato (Solanum lycopersicum) plants infected with Pfo
carrying GroEL exhibited induction of PTI marker genes (SI
Appendix, Fig. S4) and reduced aphid fecundity (Fig. 1A). These
results indicate that the plant immune surveillance system recognized GroEL and triggered defense responses.
It is possible that GroEL could be present in the saliva of all
aphids harboring Buchnera and therefore recognized by a multitude of plant hosts. Thus, we speculated that this induced host
resistance might also be seen in other plant–aphid combinations.
Because Buchnera GroEL sequences from different aphid species
are highly conserved (SI Appendix, Fig. S2), we infected Arabidopsis thaliana (Arabidopsis) with Pfo+T3SS carrying Buchnera
GroEL from potato aphid and assayed its effects on green peach
aphid (Myzus persicae) infestation. Green peach aphid fecundity

Fig. 1. Delivery of GroEL into tomato and A. thaliana negatively affects
aphid fecundity. Tomato and Arabidopsis were infiltrated with Pfo+T3SS or
wild-type Pfo, carrying either GUS (control) or groEL, at a density of 1 × 104
cfu·ml−1. Plants were assayed with parthenogenetic potato aphids (A and C)
or green peach aphids (B and D) and aphid fecundity was recorded daily over
a 5-d period. Error bars represent ±SEM (in A and C, n = 18; B and D, n = 45).
* indicates significant differences (Student t test; P < 0.05).
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Transgenic Expression of GroEL Also Results in Enhanced Resistance
to Aphids. To substantiate the role of GroEL in immunity and
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aphid resistance, we developed transgenic Arabidopsis lines
that overexpressed groEL constitutively or from an estradiolinducible promoter (SI Appendix, Fig. S5 A and B). In agreement with our earlier finding, transgenic expression of groEL in
Arabidopsis reduced aphid fecundity (Fig. 2A and SI Appendix,
Fig. S5D). A previous study found that leaf infiltration of an aphid
salivary fraction that should have contained GroEL did not reduce aphid fecundity (3). This apparent discrepancy might be explained by the presence of other proteins that counteract GroELinduced defenses. Future studies might reveal the identity of these
putative effectors with the ability to suppress GroEL-induced plant
defense. Besides the presence of GroEL-induced PTI suppressors
in this fraction, the lengthier period (24 h compared with 16 h)
dedicated for collection of aphid saliva and its fractionation on
columns might have caused degradation of the proteins in this
selected size range.
Transgenic Arabidopsis lines expressing GroEL induced expression
of both early [FLG22-INDUCED RECEPTOR-LIKE KINASE 1
(FRK1) and transcription factor WRKY29; Fig. 2 B and C] and late
[PATHOGENESIS RELATED 1 (PR1); Fig. 2D and SI Appendix,
Fig. S5C] PTI marker genes. PR1 is known to be induced by aphid
feeding (29, 30), but no information was available on FRK1 and
WRKY29 expression in early infestation stages (3, 31, 32). Hence,
to assess their expression during aphid defense, we infiltrated
green peach aphid saliva into Arabidopsis leaves. Expression of

both FRK1 and WRKY29 were induced early and transiently (Fig.
3), indicating a possible role for these genes in aphid defense.
Contrary to endosymbiont GroEL inducing defense against
aphids, symbiotic bacteria present in oral secretions of chewing
insect larvae have been shown to modulate plant defenses to
enhance larval performance (33). For example, the Colorado
beetle larvae exploit the antagonistic relationship between the
plant defense hormones salicylic acid (SA) and jasmonic acid
(JA) to manipulate plant defense to their advantage (33). Bacteria in beetle larval oral secretions activate SA-regulated responses to suppress JA-regulated responses that are effective
against these larvae. Thus, beetle larvae manipulate host defenses through their bacterial symbiont for their own advantage.
GroEL Treatment Induces PTI. To further characterize GroELinduced PTI, we expressed histidine (His) epitope-tagged GroEL
in E. coli and purified the recombinant protein using nickel-NTA
beads followed by anion exchange chromatography (SI Appendix,
Fig. S6). We infiltrated Arabidopsis leaves with the purified
GroEL and assayed for PTI responses. His-tagged and purified
GUS was used as control. To test whether extracellular application of GroEL induces enhanced aphid resistance, GroELinfiltrated plants were first assayed for aphid fecundity. Plants
treated with GroEL did not exhibit a visible immune response
such as cell death. However, they displayed reduced aphid fecundity (Fig. 4A) similar to Pfo delivery or transgenic expression
of GroEL. Similarly, infiltration of GroEL into leaves induced
expression of both early- and late-induced PTI marker genes
(Fig. 4B). In addition, GroEL triggered reactive oxygen species
(ROS) accumulation (Fig. 4C) and callose deposition in treated
leaves (Fig. 4D and SI Appendix, Fig. S7A). None of these defense responses were detected in the GUS-treated control leaves
(Fig. 4). To assess whether GroEL chaperonin activity is required for defense induction, GroEL was boiled and used immediately in the ROS assay. Boiled GroEL triggered strong ROS
activity (Fig. 4C), indicating that the molecular pattern of the
denatured GroEL is the defense trigger. Taken together, these

Fig. 2. A. thaliana Col-0 transgenic lines expressing GroEL exhibit enhanced resistance to aphids. (A) Fecundity of green peach aphids on Arabidopsis transgenic
lines (1, 3, and 6) expressing β-estradiol–inducible GroEL, recorded daily over a 5-d period. Error bars represent ±SEM (n = 30). GroEL induces defense marker gene
expression. FRK1 (B), WRKY29 (C), and PR1 (D) expression were evaluated in the three Arabidopsis transgenic lines. In B–D, error bars represent ±SEM of six
biological replicates and two technical replicates each. * indicates significant differences from uninduced (–) estradiol control (Student t test; P < 0.05).
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was reduced on Arabidopsis infected with Pfo+T3SS carrying
GroEL, suggesting reduced susceptibility to aphids in general
(Fig. 1B). To confirm that delivery of GroEL into the plant caused
the reduced susceptibility in both hosts, we expressed GroEL in
wild-type Pfo that lacks the T3SS and infected both tomato and
Arabidopsis with their respective aphid pests. In neither of these
host-pest systems was an effect on aphid fecundity observed (Fig. 1
C and D), indicating that GroEL is the cause of the reduced
susceptibility to both aphid pests.

Fig. 3. Aphid saliva induces early-induced defense marker genes in Arabidopsis.
Arabidopsis plants were infiltrated with diet only and diet fed on green
peach aphids (saliva). Leaf samples were harvested at 0 h posttreatment
(hpt), 3 hpt, and 6 hpt. Relative expression levels of defense marker genes
were evaluated by quantitative RT-PCR. Error bars represent ±SEM of six
biological replicates and two technical replicates each. * indicates significant
differences from diet-only control (Student t test; P < 0.05).
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results indicate that GroEL serves as a microbe/aphid-associated
molecular signature that induces PTI.
Because most bacterial PTI responses require the wellcharacterized BRI-ASSOCIATED RECEPTOR KINASE 1 (BAK1)
coreceptor (34), we tested whether GroEL-induced ROS and

callose deposition are also BAK1-dependent. We used the bak15 mutant that has a substitution in the cytoplasmic kinase domain
leading to compromised innate immune signaling (35). The ROS
burst (Fig. 4C) and callose deposition (Fig. 4D and SI Appendix,
Fig. S7B) triggered by GroEL were both greatly reduced in the
bak1-5 mutant, indicating BAK1 dependency. Similarly, GroELinduced expression of the PTI early-induced marker genes
(WRKY29 and FRK1), which were known to be BAK1-dependent
(36, 37), and not the late-induced marker gene (PR1) (38), were
impaired in bak1-5 (Fig. 4E).
Arabidopsis is a nonhost to the pea aphid, which does not feed
on this plant or other brassicaceae, whereas green peach aphid
can use Arabidopsis as a host. It was recently shown that pea
aphids survived longer on the bak1-5 mutant compared with
Arabidopsis Col-0, whereas no effect on green peach aphid survival was detected on bak1-5 plants. This shows that BAK1
contributes to nonhost resistance to aphids (39). BAK1 could be
participating in PTI triggered by recognition of a number aphidassociated molecular patterns including GroEL. Considering
that application of GroEL reduced green peach aphid fecundity
whereas no enhanced survival was reported to this aphid on
bak1-5 (39), our results suggest that this Arabidopsis-adapted
aphid has evolved effectors that are able to suppress BAK1dependent PTI. This is in agreement with a previous report
where a green peach aphid effector was shown to suppress PTI
(2). Alternatively, because not all GroEL-induced PTI responses were impaired in the bak1-5 mutant, GroEL may partially promote resistance against green peach aphid in a BAK1independent manner.

Fig. 4. GroEL-induced defense responses in Arabidopsis is BAK1-dependent. (A) Green peach aphid fecundity on Col-0 plants infiltrated with PBS (buffer),
1.5 μM GUS (control), or GroEL recorded over a 5 d period. Error bars represent ±SEM (n = 30). * indicates significant differences (ANOVA Tukey HSD test; P <
0.05). (B) Expression of defense marker genes in Col-0 leaves infiltrated with PBS or 1.5 μM GroEL or GUS at the indicated hpt. Error bars represent ±SEM of six
biological replicates and two technical replicates. (C) Oxidative burst triggered by 1.5 μM GroEL, boiled GroEL or GUS in Col-0, and bak1-5 leaves measured in
relative luminescence units (RLUs). Error bars represent ± SEM (n = 15). (D) Callose deposition in Col-0 and bak1-5 leaves infiltrated with 1.5 μM GroEL. Error
bars represent ±SEM (n = 16). (E) Expression of defense marker genes in bak1-5 leaves performed as described for B. For B and E, * indicates significant
differences for each gene at a time point (ANOVA Tukey HSD test; P < 0.05).
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Materials and Methods
Plant Material and Growth Conditions. Tomato cultivar Moneymaker plants
were maintained as described previously (43). Arabidopsis bak1-5 mutant, in
a Col-0 genetic background (44), and wild-type Arabidopsis Col-0 plants
were grown under a 12 h light photoperiod. Unless mentioned otherwise,
5-wk-old tomato and Arabidopsis plants were used for assays.
Aphid Colonies and Growth Conditions. Colonies of the parthenogenetic potato aphid (M. euphorbiae) and green peach aphid (M. persicae) were reared
on tomato cv. UC82B and mustard India plants, respectively, and maintained
as described in refs. 43, 45. Age-synchronized 1-d-old adult aphids were
produced as described in ref. 46.
Saliva Collection from Potato Aphids. To collect saliva, potato aphids were fed
on ultra pure sterile water in parafilm pouches as described previously (47).
Saliva was collected from an estimated 100,000 aphids. Additional details
are in SI Appendix, Materials and Methods.
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Saliva Preparation and Liquid Chromatography–MS Analysis. MS analysis was
performed as described previously (48). Details are in SI Appendix, Materials
and Methods.

DAPI Staining. Aphid ovaries and saliva were fixed in 1% paraformaldehyde,
and nuclei were stained with 1 μg/mL of DAPI (Sigma). Samples were observed under a fluorescence microscope (Nikon Eclipse Ti). Additional details
are in SI Appendix, Materials and Methods.
Cloning in pVSP PsSPdes Vector and Aphid Bioassays. groEL (accession no.
KF366417) and GUS were PCR amplified from M. euphorbiae gDNA and
pENTR-GUS (Invitrogen), respectively. Products were cloned into the pVSP
PsSPdes vector (51) as described previously (45) and transformed into an
engineered Pfo strain (EtHAn) with T3SS (52) and wild-type Pfo. Details are
in SI Appendix, Materials and Methods.
Leaves of 5-wk-old Arabidopsis plants were infiltrated with Pfo, and 24 h
later, plants were infested with a single age-synchronized 1-d-old adult
green peach aphid. Tomato assays were performed as described previously
(45). Plants were infested with nine age-synchronized 1-d-old adult potato
aphids 24 h after infiltration. Aphid fecundity was assessed by counting the
number of nymphs daily for a period of 5 d. Details of plant treatment and
aphid infestation are in SI Appendix, Materials and Methods.
Construction of Transgenic Plants Expressing GroEL. Arabidopsis Col-0 plants
were used to generate GroEL transgenic lines using Agrobacterium tumefaciensmediated floral-dip transformation (53). Details are in SI Appendix, Materials
and Methods.
Aphid Bioassays on Transgenic Arabidopsis. Five-week-old transgenic plants
were sprayed with 20 μM β-estradiol solution, and 24 h later, plants were
infested with aphids. Details of aphid infestation are in SI Appendix, Materials
and Methods.
Expression and Purification of Proteins. GroEL and GUS His-fusion proteins
were developed as described in SI Appendix, Materials and Methods.
Proteins were expressed and purified using a nickel-NTA column (QIAGEN)
as described previously (54). Eluted GroEL protein was further fractionated using anion exchange chromatography by AthenaES (Athena Enzyme Systems Group).
Aphid Bioassays with Purified GroEL Protein. Arabidopsis leaves were infiltrated with GroEL using a 1 mL needle-less syringe and used in aphid assays.
Details are in SI Appendix, Materials and Methods.
Saliva Collection from Green Peach Aphid and Arabidopsis Treatment. Green
peach aphid saliva was collected in a diet containing sucrose and amino acids
as described in ref. 55. Diet was infiltrated into Arabidopsis leaves and
harvested immediately after infiltration at 0 h and at 3 h and 6 h posttreatment. Details are in SI Appendix, Materials and Methods.
Quantitative Real-Time PCR Analysis. RNA extraction and sample preparation
for quantitative RT-PCR was performed as described earlier (43) using genespecific primers (SI Appendix, Table S1). Relative expression of genes was
calculated using actin (ACT-2) as a standard gene for Arabidopsis and
ubiquitin (Ubi3) for tomato (SI Appendix, Table S1). Details for plant growth
conditions and treatments are in SI Appendix, Materials and Methods.
Oxidative Burst and Callose Deposition. The ROS burst was determined by a
luminol-based assay as described previously (56). Callose deposition was
performed as described previously (57). Details are in SI Appendix, Materials
and Methods.

Annotation, Gene Ontology Classification, and Signal Peptide Prediction. Potato aphid transcripts, matching to the sequenced peptides, were annotated,
and amino acid sequences of their putative full-length pea aphid orthologs
were subjected to de novo signal peptide prediction analysis using SignalP 4.0
(49) and TargetP 1.1 (50). Additional details are in SI Appendix, Materials
and Methods.

ACKNOWLEDGMENTS. We thank F. Takken (University of Amsterdam),
A. Dahanukar, and T. Eulgem (both University of California, Riverside) for
comments on the manuscript; G. Walker, C. Weirauch, L. Walling, J. Ng, and
H. Jin (all University of California, Riverside) for discussions; and Cyril Zipfel
(The Sainsbury Laboratory) for Arabdopsis bak1-5 mutant. This work was
supported by funding from US Department of Agriculture-National Institute
of Food and Agriculture Award 2010-65106-20675 (to I.K.) and National
Science Foundation Award 0619411 (to S.P.B.).

1. Will T, Tjallingii WF, Thönnessen A, van Bel AJ (2007) Molecular sabotage of plant
defense by aphid saliva. Proc Natl Acad Sci USA 104(25):10536–10541.
2. Bos JI, et al. (2010) A functional genomics approach identifies candidate effectors
from the aphid species Myzus persicae (green peach aphid). PLoS Genet 6(11):
e1001216.

3. De Vos M, Jander G (2009) Myzus persicae (green peach aphid) salivary components induce defence responses in Arabidopsis thaliana. Plant Cell Environ 32(11):1548–1560.
4. Jones JD, Dangl JL (2006) The plant immune system. Nature 444(7117):323–329.
5. Ronald PC, Beutler B (2010) Plant and animal sensors of conserved microbial signatures. Science 330(6007):1061–1064.

Chaudhary et al.

PNAS | June 17, 2014 | vol. 111 | no. 24 | 8923

MICROBIOLOGY

To conclude, aphid saliva contains proteins of both aphid and
endosymbiont Buchnera origins. The presence of Buchnera proteins in the potato aphid saliva indicates a major role for this
endosymbiont in aphid–plant interactions. Although the ability
of GroEL to elicit plant PTI is not surprising, it is interesting that
this defense is effective against aphids. It is intriguing to speculate that plant defenses directly target the Buchnera endosymbiont to control the insect pest. Because the aphid–Buchnera
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without the other, by targeting the endosymbiont the plant immune system is exploiting the strict mutual dependency of a hostinsect with its symbiont to recognize the former as the intruder.
Our study is based exclusively on in planta overexpression of
GroEL or exogenous application of the purified protein. Direct
assessment of the in vivo significance of GroEL in aphid–plant
interactions is not feasible, because elimination of this critical
chaperone from Buchnera is likely lethal, and successful genetic
manipulation of this endosymbiont has not been reported.
Our data further suggest that GroEL is recognized both extracellularly and intracellularly (in transgenic groEL-expressing
plants), which may reflect aphid salivation behavior during
probing and feeding. Although aphid salivation occurs mainly in
the sieve element, watery saliva is injected frequently into the
plant apoplast and nonvascular cells during brief intracellular
punctures by the stylets during plant penetration phase (20).
Alternatively, GroEL may be leaking outside the cell in the
transgenic groEL-overexpressing plants (40) and solely be recognized extracellularly through a transmembrane receptor similar to well-characterized microbial MAMPs (41). How GroEL is
recognized by the plant innate immunity is not yet known. Although BAK1 is a transmembrane receptor, it is unlikely that
BAK1 itself is the receptor for GroEL, but it likely acts as
a coreceptor analogous to its function for the bacterial MAMP
receptor FLS2 (42). Therefore, recognition of GroEL likely
involves a yet unidentified receptor.
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