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ABSTRACT: The relationship between aphids and their host plants is thought to be functionally analogous to plant-pathogen interactions. Although virulence eﬀector proteins that
mediate plant defenses are well-characterized for pathogens such as bacteria, oomycetes, and
nematodes, equivalent molecules in aphids and other phloem-feeders are poorly understood.
A dual transcriptomic-proteomic approach was adopted to generate a catalog of candidate
eﬀector proteins from the salivary glands of the pea aphid, Acyrthosiphon pisum. Of the 1557
transcript supported and 925 mass spectrometry identiﬁed proteins, over 300 proteins were
identiﬁed with secretion signals, including proteins that had previously been identiﬁed
directly from the secreted saliva. Almost half of the identiﬁed proteins have no homologue
outside aphids and are of unknown function. Many of the genes encoding the putative
eﬀector proteins appear to be evolving at a faster rate than homologues in other insects, and
there is strong evidence that genes with multiple copies in the genome are under positive
selection. Many of the candidate aphid eﬀector proteins were previously characterized in
typical phytopathogenic organisms (e.g., nematodes and fungi) and our results highlight
remarkable similarities in the saliva from plant-feeding nematodes and aphids that may indicate the evolution of common solutions
to the plant-parasitic lifestyle.
KEYWORDS: Acyrthosiphon pisum, aphids, salivary glands, saliva, eﬀectors

’ INTRODUCTION
As primary producers, plants are consumed by a wide variety
of generalist and specialist insect herbivores. The interplay
between plants and their consumers is highly complex and
dynamic involving interactions between the insect and a plethora
of constitutive and inducible defensive mechanisms that have
evolved to aﬀord the plant a degree of “dynamic immunity”
(reviewed in refs 1-4). The plant response to herbivory often
depends on the mechanism of feeding employed by the consumer. For example, leaf chewing insects such as lepidopteran
larvae consume large pieces of tissue consisting of many cells, and
r 2011 American Chemical Society

produce a plant response that is very diﬀerent from the response
to insects such as aphids, whiteﬂies and mealybugs that penetrate
between plant cells to feed from individual phloem cells within
the sieve elements. There is a growing body of evidence that plant
defense against sap-feeding insects such as aphids follows the
plant-pathogen model as presented by Jones and Dangl.5 For
instance, aphid-induced gene expression in the plant is more
similar to a typical pathogen response than to that caused by a
chewing insect,6 reviewed in ref 7. In addition the only cloned
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aphid resistance genes, the Mi gene in tomato8 and the Vat gene
in melon,9 are members of the CC-NBS-LRR family of resistance
proteins (R proteins) that confer resistance to both prokaryotic
and eukaryotic pathogens.10 Several other aphid resistance genes
have been mapped to clusters of R genes.11,12 Some aphid species
have also adapted to overcome resistance deployed in commercial crops, forming virulent biotypes speciﬁc to particular R genes
following the “gene for gene” pathogen avirulence model.13
Under the plant-pathogen model, compatible hosts are manipulated by the secretion of virulence eﬀector molecules that
suppress or otherwise interfere with the plant’s innate immunity
defenses (reviewed in refs 5, 14). Many pathogens have speciﬁc
secretion systems that enable the delivery of these eﬀectors, such
as the type III secretion system in bacteria15-17 or the RXLR
system in oomycetes.18-20 By the nature of their feeding, aphids
are thought to deliver eﬀectors in their saliva,21-23 as is the case
for plant pathogenic nematodes.24-26 However, little is known
about the bioactive components of aphid saliva. Aphids initially
secrete a gelling saliva that hardens and forms a protective sheath
around the mouthparts, followed by watery saliva which is
secreted into the phloem immediately before and during feeding
but also into cells as the tip of the mouthparts progress toward
the phloem.21,22
A number of strategies have been employed in an attempt to
catalogue and characterize the salivary proteins of various aphid
species and include mass spectrometry of collected saliva,27,28
RNA interference,29 salivary gland EST analysis,30 in planta
analysis of phloem occlusion mechanisms,23 plant diﬀerential
gene expression studies31 in response to aphid salivary concentrates and in planta expression of candidate salivary eﬀector
proteins.32 The availability of a genome sequence for the pea
aphid, Acyrthosiphon pisum, has made this species a particularly
good candidate for saliva studies. Using antibody-based approaches, Mutti et al.33 conﬁrmed that a protein called C002,
initially identiﬁed by prospecting salivary gland ESTs and
genome analysis, was detected in the plants upon which aphids
had fed, conﬁrming that it is a component of the secreted saliva.
More recently, mass spectrometry (LC-MS/MS) resulted in
the identiﬁcation of nine secreted salivary proteins, four of which
exhibited orthology to proteins in existing databases:28 a GMC
oxidoreductase, an SMP-30-like protein (regucalcin), an angiotensin converting enzyme (Ance)-like protein (carboxyl
dipeptidase) and an M1 metalloprotease.
Here we characterize the salivary secretome of the pea aphid
(Acyrthosiphon pisum) through a parallel analysis of proteins and
transcripts in the salivary glands to gain further insights into the
origin and composition of aphid saliva, particularly the identiﬁcation of potential eﬀector molecules. Aphids are economically
important pests of temperate agriculture that inﬂict damage and
loss of yield through the depletion of photoassimilates and the
transmission of plant viruses. Consequently, a deeper understanding of the role of saliva in the aphid-plant interaction has
signiﬁcant applied potential. To characterize the pea aphid
salivary secretome, we adopted three complementary approaches. First, we analyzed ESTs from two pea aphid salivary gland
cDNA libraries to identify transcripts that were signiﬁcantly overrepresented in the salivary glands. Second, we performed mass
spectrometry on proteins isolated from both 1D and 2D separations of salivary gland homogenates. Reference genes corresponding to the two data sets that were identiﬁed from aphid
genomic gene consensus sets (www.aphidbase.com) were analyzed for the presence of a secretion signal peptide. Figure 1
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Figure 1. Schematic representation of the experimental pipeline to
characterize the pea aphid salivary gland secretome detailing the
experimental steps and statistical parameters. Blast2Go was utilized to
annotate non redundant EST contigs and singletons and MS-identiﬁed
proteins and assign GO terms to the positive BLAST matched proteins.
The constituents of the salivary gland secretome were selected based on
presence of signal peptide sequence, support by EST contigs with a high
R-Stat value and previous demonstration of association with aphid saliva.

outlines an overview of the experimental steps, statistical parameters and data treatment involved in the generation of the pea
aphid salivary gland secretome. Lastly, we conducted a phylogenetic analysis on the most well-supported secreted salivary
protein candidates to identify putative paralogs within the pea
aphid genome and to determine their homology to genes in other
insects.

’ MATERIALS AND METHODS
Aphids, Salivary Glands, RNA and Protein Collection

Acyrthosiphon pisum clone LL0134 was maintained on Vicia
faba (cv. The Sutton) at University College Dublin, Ireland and
A. pisum clone LSR1 was maintained on Vicia faba (cv. Broad
Windsor) at Kansas State University, Manhattan, KS. Salivary
glands were obtained from adult apterae of each colony following
a modiﬁed protocol of.29 For RNA extraction, salivary glands
(from aphid clone LSR1) were dissected in PBS supplemented
with protease inhibitor cocktail (Roche) and total RNA was
isolated using the Micro RNA isolation kit (Stratagene) following the manufacturer’s instructions. For protein analysis (using
aphid clone LL01), salivary glands were dissected out in lysis
buﬀer (LB; 9.5 M urea; 2% CHAPS; 8% Pharmalyte pH 3-10
and 1% DTT). Salivary glands were homogenized in LB prior to
sonication (Vibra Cell Ultra Sonic Processor, Sonics, U.K.) at
4 C by 5  10-s bursts. Samples were subjected to 2D-clean up
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(2D-clean up kit; GE Healthcare) following the manufacturer’s
instructions and the ﬁnal pellet was solubilized in 100 μL LB. 90
and 300 pairs of salivary glands were pooled into 100 μL LB for
the SDS PAGE (1DE) and 2-dimensional electrophoresis (2DE)
fractionation steps, respectively.
Phagmid cDNA Library Construction, EST Sequencing and
Analysis

Two phagmid salivary gland cDNA libraries were constructed
(see Supplemental File 1, Supporting Information for further
details). The ﬁrst was constructed from 250 dissected salivary
glands using the SMART cDNA library construction kit (Clontech) as described previously.29,33 Sequencing of this cDNA
library was conducted at Genoscope (Paris, France), generating
4517 ESTs (accession numbers DV747494-DV752010). Sequencing of the second library, again generated from 250 salivary
glands, was conducted at the Washington University Sequencing
Facility (St. Louis, MO), generating 4900 ESTs (accession
numbers HS092103- HS097002). Thus, a total of 9417 ESTs
were analyzed.
EGassembler35 was used to assemble ESTs into contiguous
sequences (contigs) and unassembled reads (singletons). Details
of the steps and parameters used in EGassembler are provided in
Supplemental File 1 (Supporting Information). To obtain a more
reliable and comprehensive EST-contig set, EGassembler was
also used to assemble all pea aphid ESTs available at NCBI into a
combined EST library. This approach generated a total of 99 776
ESTs comprising 963 from an antennae library; 1109 from a gut
library; 12 972 from three head libraries; 5443 from an embryo
library; 16 759 from 4 non-normalized whole-body libraries;
53 113 from a normalized whole-body library; and 9417 from
the two salivary-gland libraries reported in this study.
LC-MS/MS and MALDI-TOF/MS

Seventy-ﬁve micrograms and 400 μg of salivary gland homogenates were used for the 1DE gel/LC-MS/MS and 2D gel/
MALDI-TOF/MS respectively. Details of in gel trypsin digestion, mass spectrometer settings, data acquisition and search
parameters are provided in Supplemental File 1 (Supporting
Information). Proteins identiﬁed from the 2DE/MALDI-TOF/
MS data set were compared with the 1DE fractionated LC-MS/
MS identiﬁed proteins to determine overlap between fractionation methods. Redundant protein hits between the two data sets
were removed from the 2DE protein list prior to the combination
of all proteins into a single data set (hereafter mass spectrometry
(MS)-identiﬁed proteins). The genome derived databases used
for peptide/protein searches were produced and made available
by the Human Genome Sequencing Centre at Baylor College
of Medicine (www.hgsc.bcm.tmc.edu/) and the International
Aphid Genomics Consortium (IAGC).
BLAST Searches, Functional Annotation and Secretion Signal Prediction

Preliminary annotation of the identiﬁed proteins, EST contigs
and singletons was performed using Blast2GO (ref 36, v.2;
http://www.blast2go.org/) an integrative GO annotation and
data mining suite that assigns GO annotation through BLAST37
searches against nucleotide and protein databases. Further details
on BLAST2GO analyses and database searches are provided in
Supplemental File 1, Supporting Information. Assigned GO
terms for the salivary gland ESTs, transcript-supported and the
MS-identiﬁed proteins were categorized by molecular function
(MF), biological process (BP) and cellular component (CC) to

ARTICLE

suggest the functional component of the salivary gland proteome
and transcriptome. Signal secretion peptides were identiﬁed from
the results arising from the InterProScan searches and all proteins with identiﬁed signal peptides were analyzed further using
SignalP v. 3.0 (http://www.cbs.dtu.dk/services/SignalP) to
predict a potential secretion signal peptide sequence and to
determine cleavage site position. Transcript-supported and all
MS-identiﬁed proteins that comprised a secretion signal were
categorized by MF, BP and CC to determine the functional
component of the potentially secreted protein complement of
the pea aphid.
Salivary Gland Enriched Transcripts

Using the whole organism ESTs, R-statistic values were
calculated to identify EST contigs abundant in the salivary gland
following the methods of Stekel et al.38 The R-statistic examines
the null hypothesis that the frequency of a transcript (i.e., contig)
is the same in all other non-normalized libraries. This null
hypothesis is rejected at an R-statistic value of 7 and EST contigs
with R-statistic values greater than 7 are considered to occur at
elevated levels in salivary-glands to a statistically signiﬁcant
extent. Contigs determined to be statistically over-represented
in the salivary gland were BLASTx searched against the ACYPIprotein consensus set, permitting matching of these contigs to
the transcript-supported and MS-identiﬁed proteins.
Phylogenetic Analysis of Candidate Secreted Salivary
Proteins

Predicted salivary proteins were considered well-supported if
they were identiﬁed as candidates by at least two independent
approaches: salivary gland EST analysis, salivary gland proteome
analyses, and/or MS identiﬁcation in secreted saliva.28 The bestsupported of the predicted secreted salivary proteins were
subjected to PhylomeDB analysis (http://phylomedb.org) to
identify related genes arising by speciation (orthologs) or duplication (paralogs). Putative paralogs were cross-referenced to
the EST and proteome data sets (salivary gland and saliva) to
determine whether there was any evidence that the paralogs
could also be secreted salivary proteins. Each matched ACYPI
accession for the non annotatable proteins was searched using
PhylomeDB to determine whether these proteins were speciﬁc to
aphids or conserved across other insect species.
Ortholog and paralog amino acid sequences were collected
from PhylomeDB and aligned using ClustalX,39 including one
outgroup (from Daphnia, Caenorhabditis elegans, or Homo
sapiens). The corresponding alignments of the coding sequences
(CDS), obtained from insect genome Web sites or from NCBI
(Entrez Gene), were generated using Codon Align 2.0 (http://
sinauer.com/hall/2e/). Information on rates of evolution and
phylogenetic analyses is provided in Supplemental File 1, Supporting Information.

’ RESULTS
Salivary Gland EST Characteristics

The combined assembly of the individual salivary gland EST
libraries (denoted SG-EST1 and SG-EST2, respectively) resulted in 835 contigs and 2189 singletons (unassembled reads).
General statistics concerning the raw unassembled salivary gland
ESTs and the contigs and singletons for the individual and
combined salivary gland EST libraries are provided in Supplemental File 2, Supporting Information. The assembly of the
combined EST library resulted in 11 009 contigs and 11 619
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Figure 2. Silver stained 2DE gel image of total protein from salivary
glands of Acyrthosiphon pisum. Proteins were separated on a 3-10 NL
IPG strip in the ﬁrst dimension and on an SDS-PAGE (12%) in the
second dimension. Protein identities corresponding to spot numbers are
provided in Supplemental File 3, Supporting Information. In total, 151
proteins were identiﬁed using MALDI-TOF/MS.

singletons. Out of the 11 009 contigs, 1486 contained at least one
salivary gland EST, and out of the 11 619 singletons, 1569 were
from the salivary gland EST libraries.
LC-MS/MS and MALDI-TOF/MS of the Pea Aphid Salivary
Gland

1DE and 2DE fractionated proteins were subjected to LCMS/MS and MALDI-TOF/MS respectively and identiﬁed after
SEQUEST and MASCOT searches of MS/MS spectra against
data sets originating from the Pea Aphid Genome Sequencing
Project. In total 3661 unique peptides representing 893 non
redundant proteins were identiﬁed from the 25 gel pieces cut
from the preparative 1DE gel (Supplemental File 3, Supporting
Information). Of these, 609 proteins were supported by more
than one peptide. Over 300 proteins were detectable on the silver
stained 2-D gel (Figure 2) with the majority of proteins having
molecular masses between 120 and 10 kDa. Of the 194 spots
excised from the 2D gel, identities could be assigned to 122 of
these after MS/MS searches against the non redundant NCBI
database and pea aphid consensus protein databank. A number of
peptides from diﬀerent spots matched to the same protein
(indicative of isoforms or diﬀerential post translational modiﬁcation patterns) and a number of spots comprised more than one
protein. The number of unique proteins identiﬁed was 106 and
the full set of protein hits corresponding to the spot numbers
outlined in Figure 2 is provided as Supplemental File 3, Supporting Information. 72 proteins were shared between the 1DE LCMS/MS and 2DE MALDI TOF/MS data sets (including two
hits to diﬀerent splice variants) and the combination of both data
sets resulted in 925 MS-identiﬁed proteins.
Annotation of Salivary Gland Transcripts and Proteins

Of the 835 contiguous EST sequences 473 and 621 returned
signiﬁcant BLAST hits when searched against the NCBI nr and
oﬃcial aphid ACYPI protein databanks, respectively (Supplemental Files 4 and 5, Supporting Information). 1296 of the 2189
EST singletons returned signiﬁcant BLAST hits when searched
against the oﬃcial ACYPI gene databank (with 850 signiﬁcant
hits when searched against the NCBI nr database). The vast

Figure 3. Gene Ontology (GO) terms for each of the three main
categories molecular function (MF), biological process (BP), and
cellular component (CC) obtained for the pea aphid salivary gland
secretome.

majority of contigs and singletons matched to pea aphid protein
sequences (Supplemental File 5, Supporting Information). Of
the 1917 contigs and singletons with a supported BLAST hit,
1557 had a corresponding aphid protein hit (transcript-supported proteins) and were predicted to have a complete sequence. Of the 925 MS-identiﬁed proteins 81 yielded no signiﬁcant
BLAST hits or matched to proteins with unknown function and
were deemed nonannotatable (Supplemental File 6, Supporting
Information). One-hundred twenty-ﬁve of the 621 BLAST matched contigs and 224 of the 851 BLAST matched EST singletons
were deemed nonannotatable.
A functional overview of the salivary gland proteome was
obtained through the analysis of identiﬁed proteins using BLAST2GO. GO term mapping was based on sequence similarity to
previously GO mapped sequences available in the UniProt database and by merging GOs identiﬁed after the InterProScan searches of all sequences. 2057 and 2831 GO terms were assigned to
1508
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Table 1. Forty-two Proteins of the Predicted Pea Aphid Salivary Gland Secretome Supported by Abundant Salivary Gland EST
Contigsa
contig

R-stat

BLAST

BLAST

MS-

protein

no. of

ID

Value

e -value

bit score

identiﬁed

score

peptides

hypothetical protein

3433

479.1

5.00  10-113

404

YES

86.31

9

ACYPI009881-PA
ACYPI000472-PA
ACYPI008224-PA
ACYPI000490-PA
ACYPI006346-PA
ACYPI001271-PB

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

3222
3368
3169
3447
3302
3466
3252

50.8
188.8
193.0
158.2
121.3
120.5
77.2

4.00  10-113
4.00  10-105
5.00  10-107
3  10-84
6.00  10-117
2  10-68
2.00  10-76

404
379
385
308
394
256
282

YES
YES
YES
YES
YES
YES

310.3
40.23
30.3
86.29
30.28
10.21

31
4
3
9
3
1

ACYPI49603-PA
ACYPI002439-PA
ACYPI39568-PA
ACYPI007406-PA

hypothetical protein
glutathione peroxidase
hypothetical protein
hypothetical protein

2958
3197
3455
3291
3470

28.6
73.0
70.8
67.1
51.8

2.00  10-102
8.00  10-49
1.00  10-135
0
5.00  10-113

369
194
479
791
403

NO
YES
NO
YES

10.25

1

20.32

2

1585

30.8

4.00  10-104

374

3523
3400
3298
3253
3485
3200
10169
3438

25.4
47.6
40.2
36.0
34.1
29.6
28.6
28.6

1.00  10-113
1.00  10-80
3.00  10-72
1.00  10-103
0
0
2.00  10-102
3.00  10-81

405
296
268
372
1328
1481
368
298

NO
NO
YES
YES
YES
YES
YES

20.14
118.27
20.22
30.32
10.2

2
12
2
3
1

protein hit
ACYPI008617-PA

sequence description

ACYPI45001-PA
ACYPI000852-PA
ACYPI000223-PA
ACYPI000288-PA
ACYPI55147-PA
ACYPI000733-PA
ACYPI002476-PA

hypothetical protein
hypothetical protein
hypothetical protein
glucose dehydrogenase
hypothetical protein
angiotensin converting enzyme
inositol monophosphatase family domain

ACYPI001541-PA
ACYPI001606-PA
ACYPI000986-PA
ACYPI001719-PA

containing protein
hypothetical protein
hypothetical protein
glucose dehydrogenase
hypothetical protein

3409
3328
9619
3467

24.3
19.0
18.0
15.9

5.00  10-73
3.00  10-135
0
3.00  10-91

265
478
1023
332

NO
YES
YES
YES

10.11
250.28
114.35

1
25
12

ACYPI003917-PA
ACYPI003601-PA

SCP_GAPR-1_like family, cg16995
conserved hypothetical protein,

3388
3157
3198

7.8
14.8
14.8

1.00  10-131
8.00  10-54
3.00  10-142

465
206
503

YES
YES

70.32
30.29

7
3

ACYPI008667-PA
ACYPI002172-PA

similar to CG4090
hypothetical protein
hypothetical protein

3208
2964

14.8
12.4

5.00  10-57
3  10-18

217
80.1

NO
YES

20.16

2

ACYPI002891-PA
ACYPI001099-PA

cadherin
hypothetical protein

3201
3396
3305

14.8
14.8
7.4

2.00  10-42
5.00  10-65
3.00  10-93

170
243
338

NO
NO
NO

ACYPI56502-PA
ACYPI000558-PA
ACYPI009919-PA
ACYPI001843-PA
ACYPI005818-PB
ACYPI004198-PA
ACYPI008001-PA
ACYPI003695-PA
ACYPI001887-PA
ACYPI55148-PA
ACYPI43360-PA
ACYPI007553-PB
ACYPI001152-PA
ACYPI38795-PA

hypothetical protein
hypothetical protein, partial
hypothetical protein
hypothetical protein
hypothetical protein
lipophorin precursor
endopeptidase inhibitor-like
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

3361
3378
3175
3308
3175
3532
3287
3357
3178
3213
3181
7579
3269
1134
942

14.8
10.6
10.8
10.6
10.8
10.6
9.5
8.5
8.5
8.5
8.5
8.5
8.5
7.7
7.2

5.00  10-81
7.00  10-78
4.00  10-83
4.00  10-59
1.00  10-106
3.00  10-53
4.00  10-104
8.00  10-92
4.00  10-65
6.00  10-99
0
9.00  10-73
1.00  10-88
1.00  10-92
2.00  10-32

181
287
305
224
384
204
374
333
243
357
1669
274
315
337
141

NO
NO
YES
NO
NO
NO
YES
YES
NO
YES
YES
NO
NO
NO
NO

10.22

1

20.28
20.16

2
2

10.24
10.19

1
1

a
Contigs were BLASTx searched against the oﬃcial protein consensus set to identify the corresponding protein. Of the 121 signiﬁcant R-statistics
supported EST contigs 50 matched to proteins with signal peptide sequences, 25 of which were identiﬁed directly in salivary glands by mass
spectrometry; 32 proteins supported by salivary gland abundant EST contigs are non-annotatable.
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Table 2. Proteins from the Pea Aphid Salivary Gland Secretome with Previously Observed Association to Saliva or with Some
Similarity to Eﬀectors Secreted by Phytopathogenic Organisms
transcriptprotein
M1 zinc metalloprotease

Protein of unknown

ACYPI

MS-identiﬁed?

ACYPI009427

N

Y

M1Metalloproteases have been demonstrated in the saliva using MS.28

ACYPI002258

Y

Y

Numerous metalloproteases have been reported in the secretome

Y

Y

Y

plants by RNAi.29 Unique to aphids.
GMC oxidoreductases have been demonstrated by

Y
Y

Y
Y

mass spectrometry in aphid saliva.27,28
Abundantly represented in the secretome of Meloidogyne

ACYPI005594

Y

Y

ACYPI008926

Y

Y

ACYPI000119
ACYPI003917

Y
Y

y
N

ACYPI002622
ACYPI007677
ACYPI009881
ACYPI000733

Y
Y
Y
Y

N
N
Y
Y

ACYPI008617
ACYPI000288

Disulﬁde isomerase

ACYPI000986
ACYPI009755

Calreticulin
Protein of unknown function
Angiotensin converting

comments

of the plant parasitic nematode Meloidogyne incognita.24
C002: Essential for successful feeding of aphids from

function C002
Glucose dehydrogenase

SCP GAPR-1

supported?

Y

incognita characterized by MS.24

Member of the SCP protein family which includes plant
pathogenesis-related protein 1 (PR-1).
A common nematode excretory-secretory protein.76
Putative sheath protein: Unique to aphids. Major component of aphid saliva.28
Demonstrated by mass spectrometry in aphid saliva.28
A dipeptidyl carboypeptidase which cleaves short peptides.

enzyme-like
Protein of unknown function
Protein of unknown function
ARMET
Glutathione peroxidase
Trehalase
CLIP-domain serine protease

ACYPI008224
ACYPI006346
ACYPI008001
ACYPI002439
ACYPI002298
ACYPI008370

Y
Y
Y
Y
Y
Y

Y
Y
Y
Y

Potential eﬀector function as a processor of signaling peptides.
Unique to aphids. Demonstrated in aphid saliva using mass spectrometry.28
Unique to aphids. Demonstrated in aphid saliva using mass spectrometry.28
A common nematode excretory-secretory protein.24,77
A commonly reported protein in insect salivary glands78 and

N
N

nematode secretomes.24,76 Involved in detoxiﬁcation.
Trehalase is induced in plants during infection by microorganisms.79
A common nematode excretory/secretory product involved in inhibiting
phenoloxidase-based innate defenses.

the MS-identiﬁed sequences and transcript-supported proteins
respectively. Of the 1557 transcript-supported proteins and 925
MS-identiﬁed proteins at least one GO term could be assigned to
922 and 731 respectively (Supplemental Files 5 and 6, Supporting Information). The functional component of MS-identiﬁed
and transcript-supported proteins was determined by categorizing the GO terms for molecular function (MF), biological
process (BP) and cellular component (CC; Supplemental File
7, Supporting Information).
Salivary Gland Enriched Transcripts

Transcripts enriched in salivary-gland cDNA libraries compared to (non-normalized) whole-body cDNA libraries were
determined using the R-statistic method of Stekel et al. (2000).
In total, 121 contiguous ESTs from pea-aphid whole organism
libraries, with positive BLAST matches to genomic loci had
salivary-gland R-values of 7 or greater (Supplemental File 8,
Supporting Information). Approximately half (59) of the salivary-gland-enriched EST-contigs have strong matches to ESTs
from a salivary-gland library of the green peach aphid Myzus
persicae30 (Supplemental File 8, Supporting Information).
Signal Peptide Prediction and GO Term Mapping of the
Salivary Gland Secretome

InterProScans of the MS-identiﬁed and transcript-supported
protein data sets identiﬁed 156 and 273 proteins with predicted
secretion signals respectively, representing 373 unique directly
identiﬁed or transcript-supported proteins, 56 of which were

present in both the MS-identiﬁed and transcript-supported
protein data sets. Of these 373 proteins, SignalP analysis
conﬁrmed the presence of a signal peptide sequence in 324
proteins hereafter referred to as the salivary gland secretome
(Supplemental File 9, Supporting Information).
GO term mapping was conducted on the A. pisum salivary
gland secretome using the Blast2GO suite. At least one GO term
could be assigned to 168 of the 324 proteins of the salivary gland
secretome (Supplemental File 9, Supporting Information). The
functional component of the salivary gland secretome was
determined by categorizing the GO terms by MF, BP and CC
(Figure 3). The three most common MF categories were protein
binding (22.5%), peptidase activity (14.3%) and transporter
activity (10.2%) whereas the three most common BP categories
were regulation of biological process (17.4%) carbohydrate
metabolic process (17.4%) and signal transduction (15.5%).
The multilevel CC analysis returned three categories, the endoplasmic reticulum (44%), protein complex (23%) and extracellular region 23%.
One-hundred twenty-four proteins (38%) in the salivary gland
secretome were deemed of unknown function after BLAST
searches against non redundant databases, annotation augmentation based on mapped GO terms in BLAST2Go and manual
checking of all proteins annotated as a hypothetical protein.
Salivary gland contigs with a high R-value were BLASTx searched
against the consensus ACYPI proteins, which resulted in the
identiﬁcation of protein matches for 91 contigs with high
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Table 3. Analysis of the Evolution of a Selection of Predicted Pea Aphid Salivary Gland Proteins
number of paralogsa

rate of evolutionb,c

M1 metalloproteases

13

1.52***

6.92*

0.07

Diversifying

M2 metalloproteases

5

1.30NS

33.8***

0.14

Diversifying

Glucose dehydrogenases

8

1.22*

99***

0.11

Diversifying

Apolipophorins

3

1.46***

1.30**

0.97

Diversifying

Glutathione peroxidase

1

0.71*

1.31NS

0.40

Relaxed

Armet (ARP)

1

1.47*

2.08NS

0.05

Relaxed

PR1-like protein
Prolyl-4-hydroxylase

1
1

1.41***
0.98NS

1.00NS
1.10NS

0.99
<0.01

Relaxed
None

Regulcalcin

1

0.96NS

salivary gene/family

dN/dSb,d

38NS

fraction of sitese

0.01

mode of selection

None

a

Number of pea aphid paralogs included in analysis. Some paralogs were necessarily excluded because of insuﬃcient amino acid overlap to allow analysis.
b
NS: not signiﬁcant; *: P > 0.90; **: P > 0.95; ***: P > 0.99. c Rate of evolution relative to the most closely related homologue from another insect species,
as identiﬁed from phylome analysis. d dN/dS calculated using branch-site model80 e Fraction of sites upon which dN/dS value is calculated80

R-statistic value (Supplemental File 8, Supporting Information).
In some cases a number of diﬀerent contigs matched to the same
protein. In total, 42 individual proteins present in the salivary
gland secretome (Table 1) were deemed to be enriched in the
salivary glands. Thirty-two proteins supported by abundant EST
contigs are currently nonannotatable. Supplemental File 10
(Supporting Information) describes proteins identiﬁed by mass
spectrometry with secretion signal but without matches to
salivary gland EST contigs with high R-statistic values. Of these
65 directly identiﬁed proteins that were supported by multiplepeptides and predicted to have a secretion signal, 36 were present
in the transcript-supported data set and 8 were deemed nonannotatable. Table 2 summarizes the principal saliva associated
or pathogen eﬀector-like proteins identiﬁed from this multidisciplinary approach.
Phylome Analysis of Saliva-Associated Genes

We selected 9 annotatable salivary gland genes (and gene
families) predicted by the transcript enrichment and proteome
methods for phylogenetic analysis (Table 3). Proteins were
chosen based on a number of criteria including abundance in
salivary gland, demonstration in both the salivary gland proteome and EST catalogues, demonstration in saliva either with
mass spectrometry27,28or with substrate speciﬁc assays (e.g., see
refs 40-42), presence of a signal peptide sequence (albeit not in
all cases) and similarity to known eﬀector proteins from phytopathogenic organisms. The amino acid and coding sequences of
all paralogs and a representative selection of insect homologues
were included in the phylogenetic analysis (results not shown).
Pea aphid paralogs were identiﬁed for the M1 and M2 metalloproteases, the ubiquitin speciﬁc proteases, the glucose dehydrogenases, the prolyl-4-hydroxylases, and the regucalcin (Table 3).
Of the genes with nonsalivary paralogs, only the M1 metalloprotease genes showed a signiﬁcantly higher rate of evolution
relative to these paralogs. The M1 metalloproteases also evolved
faster relative to insect homologues (Table 3) and the phylogenetic tree of the M1 metalloproteases is given as Figure 4. The
glutathione peroxidase, Armet, PR-1 like protein, and both apolipophorins also evolved at a faster rate relative to homologues
from other insects. Within the glucose dehydrogenases 24 sites
were identiﬁed as being under positive selection (Figure 5)
relative to other insect homologues. Seven nonsynonymous substitution sites were identiﬁed as evolving signiﬁcantly faster than
synonymous substitutions in the same genes, an indication that
they are potentially under positive selection. Interestingly, the

two glucose dehydrogenases identiﬁed in this study (ACYPI000986 and ACYPI000288) also evolved at a faster rate relative
to homologues in other insects, but in contrast the glucose
dehydrogenase (ACYIPI000113; GMC oxidoreductase) identiﬁed in pea aphid saliva28 has evolved at a signiﬁcantly lower rate
relative to other insect homologues. We found no evidence for
positive selection among the predicted salivary glucose dehydrogenase genes (ACYPI000986 and ACYPI000288). Only the
glucose dehydrogenases, the apolipophorins, and the M2 metalloproteases were under positive selection using a branch-site
model. In contrast to the other two, the positive selection observed on the M2 metalloproteases occurred at a small number of
sites, without resulting in a high rate of evolution across the entire
gene.

’ DISCUSSION
In this study we have adopted a multidisciplinary approach in
an attempt to characterize the salivary gland secretome of the pea
aphid A. pisum and to identify potential aphid eﬀector proteins.
Two clear trends are evident from this study of the pea aphid
salivary gland secretome: (1) a high proportion of salivary gland
proteins have signal peptide sequences, and (2) a high proportion of the proteins associated with aphid saliva (∼50%) are of
unknown function. This percentage is substantially higher than
the average of nonannotatable proteins across the aphid genome
(c.30%43), but this is probably due to the highly speciﬁc function
of aphid saliva or the strong selection pressure on aphids to adapt
to the wide plethora of dynamic plant defense mechanisms.
Indeed, most of these nonannotatable sequences matched ESTs
from other aphid species.
Some of the discrepancies between the salivary gland transcriptome and proteome may be due to the use of diﬀerent
asexual lineages of pea aphid in this study. Diﬀerent pea aphid
clones elicit variable plant wound responses and R-gene resistance is known to be clone-speciﬁc13,45,46 and perhaps linked to
clone-speciﬁc salivary elicitors. An additional problem with combining transcriptomic and proteomic data sets relates to the wellcharacterized diﬀerences that exist in the expression levels
between the two systems. Expression proﬁles (mRNA) are highly
dynamic, and mRNA expression and protein levels do not always
correlate.44 Comparisons of the transcriptomes and proteomes
of Caenorhabditis elegans and D. melanogaster have demonstrated
that a higher degree of correlation exists between the proteomes
of these distantly related organisms than for the transcriptome
and proteome of the same organism.45 Thus variation between
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Figure 4. PhylomeDB analysis of predicted pea aphid salivary M1 metalloprotease ACYPI009427. The analysis identiﬁed 15 paralogs of this gene in the
pea aphid genome, but only 7 homologues in other invertebrate genomes.

the expressed transcript and the translated protein will most
likely be the norm rather than the exception. However the aim of
our study was to report an initial catalogue of putative secreted
salivary gland proteins based on transcriptomic and proteomic
resources that are currently available. The combination of data
sets reported here represents an important ﬁrst step in identifying candidate eﬀectors for future studies in aphids and other
plant-sap feeding insects.
Our approach in predicting putative salivary gland proteins
was based on two main assumptions. First, we assumed that
transcripts for salivary proteins would be enriched in salivary
gland EST libraries compared to whole organism libraries, and
second, we assumed that salivary proteins would have an
N-terminal secretion signal. The validity of this approach is
supported by the fact that our resulting data set includes all but
one (an unknown protein ACYPI008138) of the proteins
identiﬁed by direct MS analysis of the saliva.28 Further validation
of our approach can be inferred from the high proportion of

annotatable salivary-gland enriched transcript supported proteins that possess a secretion signal. This includes some of the
proteases, oxidoreductases, and apolipophorin as well as some
hypothetical proteins with homologues in other insect species. At
the same time, several salivary-gland-enriched cDNAs are not
predicted to be secreted including aquaporin, a eukaryotic
translation factor subunit (EIF3), and a ubiquitin-speciﬁc protease. It is possible that salivary-gland enrichment of these
transcripts could be associated with functions unrelated to
secreted saliva. In addition, alternative mechanisms for the
translocation of proteins into saliva may also exist and must also
be considered. For example, not all proteins identiﬁed through
MS analysis of collected saliva had secretion signals.28 Consequently, it is likely that our assumptions have resulted in the
exclusion of salivary proteins from our predicted pool of candidate eﬀectors. For these reasons, we will consider some genes
without secretion signals and some not supported by the
R-statistics as part of this discussion.
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Figure 5. Amino acid alignment of ﬁve pea aphid glucose dehydrogenase paralogs identiﬁed from the pea aphid genome, including two paralogs
(ACYPI000288, ACYPI000986) associated with salivary gland expression. Boxes indicate sites under positive selection (relative to homologues in other
insects) a number of which represent non synonymous substitutions speciﬁc to the predicted salivary gland paralogs.

The likelihood of false negatives would help to explain the
small number of candidate salivary proteins we have identiﬁed in
comparison with the number of secreted eﬀectors identiﬁed from
other eukaryotic pathogens. On the basis of their obligatory and
speciﬁc association with host plants, aphids would be expected to

have a large number of eﬀectors with subtle eﬀects.46 It is
possible, however, that some salivary proteins could be produced
in other organs. Hemolymph is constantly pumped in the salivary
glands and it is likely that other biological molecules including
proteins produced in other tissues make their way into the
1513
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salivary glands along with hemolymph47 or by other, as yet
unknown mechanisms. For example, no salivary gland transcripts
or proteins identiﬁed in this study corresponded to the regucalcin
protein reported previously in pea aphid saliva.28 Searches for
regucalcin EST transcripts in an A. pisum EST database (http://
www.aphidests.org/) indicated distribution of regucalcin in the
fat bodies and guts (results not shown). Additional research is
necessary to conﬁrm whether the salivary regucalcin is produced
in the fat body, as is the case for homologous proteins in other
insects.48
Putative Effector Functions of Predicted Salivary Proteins

No functional data is yet available to provide insights into the
role of any of the aphid salivary proteins predicted in this study.
However, some potential eﬀector roles for many of these
candidate proteins can be predicted based on their homology
or similarity to pathogenesis- or parasitism-related eﬀector proteins secreted by other plant pathogens, and in particular plantpathogenic nematodes. For the purpose of comparison, we will
discuss our candidates in the context of the 8 categories proposed
by Bellaﬁore et al.24 for the secretome of the nematode Meloidogyne incognita. We found no candidate genes associated with
cell wall modiﬁcation or giant cell formation, which could be
explained by the diﬀerent feeding strategy of the pea aphid
compared to plant parasitic nematodes. However, pectinase
activity has been detected in the saliva of some aphids,41,42 and
some aphids are thought to produce “pseudogalls” by altering
host source-sink relationships.49 It is possible these latter aphids
could have proteins with homologous or analogous functions to
the giant cell modifying proteins of plant parasitic nematodes.
Protein Synthesis and Secretion

We identiﬁed one protein with a possible protein folding
function, the arginine-rich protein Armet, on our list of highly
supported candidate salivary proteins. Armet (also called
MANF) has been studied most in mammals, where it has both
intracellular and extracellular functions.50 Intracellularly, it is
localized to the endoplasmic reticulum, where it appears to
function as a component of the Unfolded Protein Response.51
It occurs in many tissues and organs but appears to occur at
highest levels in proteins with intense protein secretion
activities.52 It has previously been found to be enriched in salivary
glands of sand ﬂies (Supporting Information in ref 53). Armet is
known to be a secreted protein,54 and we have evidence that
Armet is secreted into the plant during aphid feeding (Feng Cui,
unpublished results). Several secreted protein disulﬁde isomerases (PDIs) and a cyclophilin were predicted by the ESTs
and the proteome but were not found to be enriched in the
salivary cDNA library (Table 1). PDIs and cyclophilins are both
thought to be involved in regulating protein folding.55,56 They
are also both present in the salivary secretions of plant parasitic
nematodes, and PDIs have been associated with an increased
yield of salivary proteins.57
Detoxification

We also identiﬁed several candidate proteins that may be
involved in reprogramming the plant cellular defense response.
Reactive oxygen species (ROS) are produced as part of the initial
defense response, and it has been proposed that oxidative
enzymes in aphid saliva may act to degrade these ROS to help
maintain a redox balance.21 We identiﬁed two glutathione
peroxidases, key scavengers of ROS, among the enriched salivary
gland transcripts. Two predicted glucose dehydrogenases (GLD,
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GMC-oxidoreductase family) were present in our enriched
transcript library, the salivary gland proteome, and were also
identiﬁed directly in aphid saliva.28 Insect GLDs have never been
implicated in altering redox balance or otherwise modifying plant
defenses, but other members of the insect GMC-oxidoreductase
family have.58,59 A peroxinectin gene was also predicted from our
analysis of salivary gland ESTs and proteome but was then not
found to be signiﬁcantly enriched in the salivary gland cDNA
libraries. In invertebrates, peroxinectin is known to manipulate
ROS during phagocytosis by regulating superoxide dismutase
activity.60 A protein similar to a plant pathogenesis-related protein (PR1) was also identiﬁed among our predicted secreted
salivary proteins. PR1 proteins are thought to be lipid transfer
proteins that mediate the signaling of systemic defense responses
in plants.61 Secretion of insect PR1 homologues could interfere
with this response. We also identiﬁed two lipid-binding apolipophorins in our predicted secreted salivary proteins. Similar to
PR1s, Apolipophorins, after binding to lipid elicitor molecules,
undergo a conformational change that results in an induction of
the insect innate immune response.62 Again, it is conceivable that
the secreted apolipophorins could interfere with signaling of the
plant’s own cellular immune response.
Protein Modifications and Turnover

It has been proposed that plant-parasitic nematodes may
selectively regulate protein degradation as part of their parasitism
strategy.26 We have identiﬁed a number of candidate pea aphid
salivary proteins that may also function to eﬀect host protein
modiﬁcation or turnover. M1 and M2 zinc metalloproteases were
predicted by both the transcript and proteome analyses in this
study, and were also identiﬁed at high abundance in an analysis of
aphid saliva.28 Metalloproteases are also common in the saliva of
plant parasitic nematodes.24 Both the M1 and M2 are predicted
nonspeciﬁc proteases targeting the N terminus and C terminus,
respectively, of short target peptides. Insect M2 metalloproteases
are dipeptidyl peptidases that often target signaling peptides,
such as hormones and neuropeptides.63,64 Both proteases may
function to destroy plant defense proteins. Further research is
needed to determine whether both salivary proteases retain a
nonspeciﬁc protease activity or whether they may have been
adapted to target particular defense-related proteins in plants.
We also found a ubiquitin-speciﬁc protease (USP) among our
enriched salivary gland ESTs. USPs are important contributors to
protein turnover in cells, and can also function in the regulation
of apoptosis.65 Ubiquitin-associated proteins are often associated
with pathogen secretomes, including nematodes.24
Aphid-Specific Functions

A calcium-binding function has often been proposed for aphid
salivary proteins.23 Direct MS analysis of pea aphid salivary
proteins identiﬁed a candidate calcium-binding protein, regucalcin,28 which we have not identiﬁed in our analyses of the salivary
gland. Four additional secreted calcium-binding proteins were
predicted by our salivary gland ESTs and proteome (an endoplasmin, calreticulain and two calnexins), but were then not
found to be enriched in the salivary gland cDNA libraries (Table
S6, Supporting Information). Among the nonannotatable proteins in our predicted salivary set are some proteins identiﬁed in
previous studies. One of these proteins, C002 (ACYPI008617),
is known to be secreted by the pea aphid during feeding and is
necessary for successful feeding on plants.29,33 The putative
salivary sheath protein SHP28 was also identiﬁed in both the
enriched EST library and the salivary gland proteome. Two
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abundant nonannotatable proteins, ACYPI008224 and ACYPI006346, have previously been identiﬁed in pea aphid saliva28
signifying their potential importance in the saliva mediated
interaction between plant and aphid. Two of our predicted
nonannotatable salivary proteins (ACYPI56502 and ACYPI45001) are two of 13 paralogs identiﬁed in the pea aphid genome
by PhylomeDB. These paralogs are all predicted to be secreted
and are highly conserved but contain no known functional domains.
Evolution of Predicted Aphid Salivary Proteins

Ma and Guttman66 have summarized the diﬀerences in
eﬀector evolution between eukaryotic and prokaryotic pathogens. Eukaryotic pathogen eﬀector evolution is usually driven by
diversifying selection and the generation and maintenance of
multiple gene copies/alleles. In contrast, positive selection with
rapid gene acquisition/gene loss is more often the driving force
behind the evolution of prokaryotic pathogen eﬀectors. Evolution of eﬀectors is also usually faster in prokaryotes because of
short generation times and horizontal gene transfer, whereas
eukaryotic pathogens must rely on recombination as the predominant diversifying mechanism. Polymorphism mechanisms
in eukaryotic eﬀectors often result in truncated, nonfunctional
alleles67,68 that can revert in response to future changes in selection pressure.66 Aphids are eukaryotes, of course, but for most of
their life cycle they reproduce asexually without recombination.69
For many aphids, landscapes have been shown to be dominated
by single “superclones”, providing little allelic diversity.70 As
such, aphids are an interesting test of the dichotomy in eﬀector
evolution between prokaryotic and eukaryotic pathogens. One
might hypothesize that to make up for a lack of recombination
aphids should have evolved mechanisms to accelerate eﬀector
evolution and/or to generate and maintain eﬀector diversity.
Many of the annotatable salivary eﬀectors predicted by our
approach are evolving at a faster rate than their homologues in
other insects. For those genes that exist as a single copy in the
saliva, there is no evidence for positive selection suggesting that
accelerated evolution is occurring by relaxation of purifying
selection. It is possible these proteins have been recruited for a
novel function in the saliva, and their original function may no
longer be needed in aphids. In contrast, there is strong evidence
of positive selection for all candidate eﬀectors that have been
associated with multiple gene copies in the pea aphid genome.
This probably indicates that the duplicate copies are undergoing
diversifying selection. For most of these duplicated eﬀector genes
positive selection is acting at a small number of sites either
localized or distributed across the protein. For the M1 metalloproteases, the positive selection is acting in a short region of c. 70
amino acids spanning the predicted N-terminal start of the
Peptidase M1 functional domain (results not shown). Positive
selection was also restricted to a few sites in a c. 70 amino acid
region of the M2 metalloproteases, within the predicted active
site of the functional domain. The 7 nonsynonymous sites identiﬁed as being under positive selection in the glucose dehydrogenases were distributed within and between functional domains
(Figure 5).
In contrast, the sites under positive selection in the apolipophorins are numerous and distributed quite evenly across the
protein sequence, common to the two candidate copies, that was
included in the analysis. The reason for this widespread positive
selection on these proteins is not clear. Without information on
the structures of these proteins, we are unable to determine
whether these sites under positive selection are located in surface
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regions that could be interacting directly with resistance proteins
in their host-plant.46
For all these candidate eﬀectors associated with multiple gene
copies, several additional paralogs also exist in the genome with
no evidence yet that links them with the saliva. Many of the
paralogs are truncated versions of the candidate salivary genes.
Thus, generating and maintaining multiple copies of salivary
eﬀector genes appears to be one approach that aphids use to
combat host defenses. Interestingly, some of these gene copies
do not appear to be found in clusters within the genome; most
copies are distributed among various genome scaﬀolds (data not
shown). One driving force for gene copy dispersion is to escape
both the adaptive and maladaptive eﬀects of recombination.71-73
Ampliﬁed esterase genes in the green peach aphid are also
dispersed throughout the genome, and are regulated epigenetically by DNA methylation.74 Further research is necessary to
determine whether duplicated copies of eﬀector genes may be
dispersed to escape epigenetic coregulation.

’ CONCLUSIONS
The successful colonization of plants by invading pathogens is
determined by a range of eﬀector proteins secreted into the host
that suppress or modulate speciﬁc innate defenses.2,75 The aim of
the study reported here was to determine if aphids have an
analogous suite of potential eﬀector proteins and if there is
convergence between phloem-feeding and traditionally viewed
phytophagous pathogens such as bacteria, viruses, nematodes,
fungi and oomycetes. Four major characteristics are evident from
the pea aphid salivary gland secretome: (1) a considerable
proportion of salivary gland proteins have a peptide secretion
signal; (2) c. 40% of the proteins in the salivary gland secretome
are of unknown function or found only in aphids; (3) all but
one directly identiﬁed salivary protein28 are present within the
salivary gland secretome; and (4) parallels exist between the
composition of the aphid salivary secretome and the secretomes
of phytopathogenic nematodes. Perhaps this latter characteristic
is the most intriguing as it seems that a high degree of adaptive
convergence has occurred within phylogenetically distant groups
of plant pathogenic organisms. Encountering the same suite of
innate defenses within the plant by diﬀerent organisms has
resulted in the employment of similar endogenous proteins,
and many deﬁning features of eﬀector genes (e.g., members of
gene families, fast rates of evolution etc.) are also present in the
aphid salivary secretome. However, the high proportion of
unique and novel proteins within the salivary secretome indicates
that the specialized habit of phloem feeding has required the
evolution of novel proteins with an as yet undetermined function.
Although aphids are not widely recognized as plant pathogens
our initial characterization of the salivary gland secretome
generates a list of potential eﬀector proteins for future studies.
Bacterial and fungal eﬀectors have been well-characterized on a
molecular level but very little is known about the identity and
function of proteins secreted by phloem-feeding insects. The
classiﬁcation of plant pathogens is gradually expanding to include
phloem-feeding insects such as aphids,75 and central to this shift
in view is the recognition of the molecular nature of the plantaphid interaction and our increasing understanding of the
composition of aphid saliva. The availability of these candidate
eﬀectors and saliva-associated proteins presents testable hypotheses
that will lead to the determination of the function of aphid salivary
proteins.
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